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Introduction 



Positron emission tomography (PET) provides unbiased in vivo measurement of 
local tracer activity at very high sensitivity. This is a unique property unmatched 
by other imaging modalities. When PET was introduced into medicine more than 
25 years ago, the first organ of major interest was the brain. Since then, PET has 
flourished as an extremely powerful and versatile tool in scientific brain studies, 
whereas its use as a diagnostic tool in clinical neurology remains limited. This is 
in contrast to its use in other applications, particularly oncology, where its value in 
clinical diagnosis is more widely appreciated. We think this situation is unfortu- 
nate, because PET can contribute more to clinical neurology and clinical neuro- 
science than is generally perceived today. Realization of its potential will require 
very close cooperation between PET experts and clinicians and the integration of 
PET into clinical studies. Thus, in this book we review PET in neuroscience, with 
particular emphasis on findings that indicate its potential for improving diagno- 
sis and treatment in neurology and psychiatry. We want to improve the trans- 
ferability of the enormous scientific advances in brain PET into clinical care so 
as to produce tangible human benefit [1]. We wish to guide both nuclear medicine 
specialists and also neurologists and psychiatrists in the use of PET. We there- 
fore focus on practical and potentially clinically relevant issues, identifying solid 
ground as well as open questions that require further research, and we see this 
targeted presentation as complementary to more general PET textbooks and 
reviews. 

Brain PET is often classified as a method of functional brain imaging. In that 
area, it is in competition with other methods, such as single photon emission com- 
puted tomography (SPECT) and functional magnetic resonance imaging (fMRI), 
which are generally more accessible and less costly. Yet PET is not only functional, 
but also quantitative. Thus, it should be seen as a method of measuring (rather 
than merely imaging) physiological parameters locally in the brain at a spatial 
resolution that provides more than 1000 such independent local measurements in 
a single session. This aspect has been well recognized in the neuroscience field but 
is often neglected or even intentionally pushed aside in the clinical arena when, 
for the sake of convenient display, we present these measurements as color-coded 
images, rather than in the format of local quantitative measures with associated 
reference values and normal ranges. Probably because convenient methods of 
handling these vast amounts of data are not commonly available in clinical 
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routine, the potential of quantitation is grossly undervalued and is often unrecog- 
nized. 

Clinical examination is more powerful in neurology than in many other med- 
ical specialties with respect to its ability to localize a lesion precisely, probably 
because focal lesions in the highly structured nervous system lead to well- 
described combinations of symptoms, the classic syndromes that are often specific 
for lesion location. Residual uncertainty about lesion location can readily be 
removed by MRI [and often computed tomography (CT) will suffice]. Thus, there 
is very little need for additional techniques to locate macroscopically visible 
lesions. Identification of lesion etiology is less straightforward, and improved 
methods would be welcome for many diseases. Nonetheless, a major problem in 
clinical neurology is the irreversibility of many types of lesions, which poses 
severe limits on the effectiveness of treatment. Thus, identification of functional 
changes that precede structural lesions and could be reversible with effective 
treatment remains a major challenge for functional and quantitative imaging 
methods. Such changes may be subtle and therefore difficult to differentiate from 
normal variation in brain function, which also depends on the functional state 
(“resting,” or performing mental or motor tasks) during a PET study. These factors 
have to be taken into account for proper interpretation of the results, which gen- 
erally cannot be evaluated without detailed information on the patient’s clinical 
status, the functional condition during the examination, and any structural brain 
alterations. Thus, very close cooperation between specialists in radiology, nuclear 
medicine, and neurology or psychiatry is crucial if diagnostic misinterpretation is 
to be avoided. This book aims at bridging the medical specialties to illuminate the 
huge potential for improvement that could be achieved in clinical science and 
practice by close cooperation and interaction. 

The acceptance of PET in the clinical neurological arena also depends crucially 
on scientific evidence to substantiate its diagnostic powers. This evidence has 
been reviewed and published by several authors and committees in the U.S. [2, 3], 
in the UK [4], and in Germany [3]. Reid et al. [6] published criteria that can be 
applied to judge the quality of diagnostic procedures. In order to obtain reim- 
bursemant for clinical studies, it is essential for not only the scientific community 
but also regulatory authorities to be convinced that procedures are cost effective 
[7]. Research on the economic implications of improved diagnostic techniques has 
still not been developed to a satisfactory level [8, 9]. In addition to technical per- 
formance and diagnostic accuracy, data are also required on diagnostic, thera- 
peutic, health, and organizational impacts [4]. To achieve all this, brain PET stud- 
ies would need to be more closely integrated into prospective clinical studies than 
is currently the case. It is hoped that this book will contribute to better integration 
by alerting nuclear medicine specialists to the clinical issues, and neurologists to 
the potential of PET. 

On the basis of currently available data, it might be expected that the contribu- 
tion of PET to diagnosis at the level of ICD clinical diagnosis will always be lim- 
ited, simply because much cheaper standard procedures provide those diagnoses 
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with high accuracy, leaving little room for substantial cost-effective improvement. 
Yet there is a great need for individual optimization of therapy, which cannot be 
achieved by standard criteria and procedures, and its impact needs to be studied 
in adequately designed studies. The uncertain diagnostic status of PET in many 
areas is in contrast to the situation with structural imaging (CT and MRI), where 
many indications are regarded as more or less self evident. This is because struc- 
tural images are perceived as an in vivo anatomical investigation, and therefore as 
an essential and basic part of medical practice, and because the detection of struc- 
tural lesions may potentially lead to surgical therapy. To demonstrate the impact 
of functional investigation, which often does not change the main diagnosis but 
may provide essential information for optimal therapy, these studies have to be 
closely integrated into the neurological work-up. In this book, we therefore also 
indicate possibilities for PET research to identify and clarify that potential. 

Early diagnosis based on functional and thus reversible changes could open up 
new therapeutic possibilities to prevent irreversible damage. This may be particu- 
larly true for the neurodegenerative diseases , which are discussed in Chapter 2 
(sections 2.1, 2.2). That this possibility has not yet become a widespread reality is 
probably because large studies that employ efficient tools for early diagnosis of 
neurodegenerative disease are lacking, with a consequent failure to develop effi- 
cient treatment or even to detect any neuroprotective potential of drugs that are 
already available. Since most clinical researchers have little access to PET and lit- 
tle awareness of its potential, there is still a lack of adequate prospective studies 
that would firmly establish its role in early diagnosis. We will therefore review 
those data that already provide ample evidence of its clinical potential for early 
and differential diagnosis and identify the open questions that need to be studied 
prospectively on a larger scale. 

With the progress in CT and MRI, brain tumors are now much more easily diag- 
nosed and localized than a few decades ago. Nonetheless, the most frequent pri- 
mary brain tumors, the gliomas, still often pose especially difficult diagnostic 
questions and, mainly due to their invasive growth, there has been little improve- 
ment in their treatment. There are specific clinical situations in which metabolic 
and functional imaging has an obvious potential for providing important infor- 
mation for optimum individual treatment, and this should be confirmed by the 
integration of these techniques into future clinical trials (section 2.3). 

Diagnosis of cerebrovascular disease usually relies on the high sensitivity of 
MRI, in particular with perfusion and diffusion imaging, and the widespread use 
of ultrasound techniques to identify arterial stenoses. In spite of this progress, 
treatment of acute cerebral infarction is still far from meeting the challenge to save 
as much brain as ideally possible. PET can make important contributions to 
improvements in therapy by elucidating the in vivo pathophysiology of acute 
ischemic stroke and chronic cerebrovascular disease (section 2.4). 

Modern imaging techniques have revolutionized the clinical practice of diag- 
nosing and treating epilepsy, because they are able to demonstrate in vivo the often 
small focal lesions, such as hippocampal sclerosis or migration disorders, that can 
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cause epileptic seizures and can be accessible to surgical therapy if medication 
fails. PET had a leading role in this area in the 1980s, but localization and identifi- 
cation of these lesions is now mostly achieved with MRI. It is increasingly recog- 
nized that further progress might depend on a better understanding of the func- 
tional changes that are associated with these lesions, and some of these open 
questions can be addressed by the use of specific PET tracers (section 2.5). 

Functional imaging also opens up new perspectives in psychiatry , because we 
can now study the local functional changes that are associated with such disorders 
as schizophrenia, depression, and drug addiction, where we usually do not find 
morphological lesions in CT and MRI (apart from possible changes in structure 
volumes). Measurements of receptor and transmitter changes by PET are begin- 
ning to contribute to improvements in drug therapy by way of more specific tar- 
geting and objective dose finding, although the implications of the new findings 
for diagnosis are not yet clear (section 2.7). It is mainly in the field of psychiatry 
that the pharmaceutical industry is becoming increasingly aware of the potential 
of PET to measure to what extent and at what doses new drugs actually bind to 
their target receptors. Thus, PET is becoming an essential tool for drug develop- 
ment in preclinical trials and in the early phases of clinical trials [10, 11]. 

The main strength of PET is its ability to measure local physiological processes. 
Many scientific studies have been devoted to normal regulation and to disease- 
related alterations of cerebral blood flow and energy metabolism, which have laid 
the ground for the clinical use of l8 F-2-fluoro-2-deoxy-D-glucose (FDG) and 15 0 - 
water. Similarly ongoing developments in molecular imaging of tissue prolifera- 
tion and neurotransmitter systems may open up new clinical perspectives. There- 
fore, Chapters of this book presents information about radiopharmaceuticals that 
are particularly relevant for neurologists and psychiatrists who wish to explore 
new clinical and scientific applications. 

Many neurological diseases probably have a genetic cause or there is at least a 
genetic predisposition to them, and the molecular techniques of genomics and 
proteomics are therefore increasingly used to disentangle their etiology and 
pathophysiology. Molecular techniques are not limited to the test tube but, to some 
extent, have also been introduced to PET under the name of molecular imaging . 
Many PET tracers bind very specifically to certain receptors or are metabolized 
and trapped by specific enzymes and are therefore are well suited to measurement 
of the local expression or functional activity of these receptors and enzymes. In 
gene therapy trials, measurement of the local expression of a transferred gene can 
provide one of the most critical parameters that determine potential treatment 
efficacy. Recent technical advances have led to improvements that allow the study 
of the brain of rats and mice at a spatial resolution in the order of lpl with 
microPET [12]. There is a direct research path of the endophenotype from genetic 
experimental animal models to human research. The huge potential of this 
approach and its special aspects and limitations in the brain, owing to the separa- 
tion of the brain from the circulation by the blood-brain barrier, are detailed in 
section 3.9. 
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Accurate measurements can be obtained only if we master the technical aspects 
of PET. Measurements depend on the production of isotopes, mostly by bombard- 
ment of stable isotopes with protons or deuterons from a cyclotron, followed by 
radiochemical tracer synthesis. The relevant physics and chemistry exceed the 
scope of this book, however, which is focused on the medical and neurological 
aspects of PET. Expertise in engineering and physics is also essential for image 
acquisition and reconstruction, but there are also medical aspects involved in 
these steps, and this is the first topic that is addressed in Chapter 4. Coregistration 
of PET images with structural images (CT and MRI) is essential for accurate eval- 
uation of functional changes associated with structural lesions. Matching of 
images to digital atlas templates that provide normative values from representa- 
tive reference samples may enhance quantitative evaluation substantially. Chap- 
ter 4 also includes a description of the physiological models and mathematical 
procedures for extraction of physiological parameters from kinetic data (which 
can be skipped by readers who do not want to go into these technical details). 
Selection of appropriate statistical procedures to allow valid inferences is another 
important aspect of PET that is often not covered routinely by professional spe- 
cialists in clinical laboratories. We therefore describe the essential concepts of all 
those physical measurement aspects and data processing methods that are neces- 
sary for adequate medical interpretation of PET findings. 
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Clinical Studies 



2*1 Dementia and Memory Disorders 

2,1,1 Clinical and Research Issues 

Dementia is a clinical syndrome characterized by impaired short- and long-term 
memory and associated with deficits in abstract thinking, judgment, and other 
higher cortical functions, or personality change; the disturbance interferes signif- 
icantly with the activities of daily life. Alzheimer’s disease (AD), the most common 
dementing disorder, affects approximately 4 million people in the United States. 
Although younger individuals can be affected, the age of onset is typically over 65, 
and the prevalence increases with age. The aging of the population in the devel- 
oped world, coupled with the devastating impact of the disease and the costs of 
long-term care, have made AD an increasing public health concern. Therefore, it 
is not surprising that AD has long been a subject of functional brain imaging 
studies. 

The first reports of PET in the study of AD appeared in the early 1980s [13-17]. 
These studies followed earlier literature reports describing decreases in whole- 
brain blood flow and metabolism measured with the Kety-Schmidt technique in 
dementia. The initial observation of reduced cerebral metabolic rate of glucose 
(CMRglc) in temporal and parietal association cortices in AD was followed by a 
tremendous increase in the frequency of PET studies of dementia, with the aims 
of studying the pathophysiology of AD and other dementing disorders and, more 
recently, of defining a potential role for l8 F-2-fluoro-2-deoxy-D-glucose (FDG) 
imaging in diagnosis and management. 

Pathophysiological studies initially focused on the use of FDG to characterize 
local abnormalities in CMRglc in relation to clinical symptoms, disease progres- 
sion, and postmortem findings. More recently, other tracers have been used to 
study receptor systems, particularly the cholinergic system, and patterns of brain 
activation. PET has the potential to provide information on the interaction of neu- 
rotransmitter systems with the function of limbic, frontal, temporal, and parietal 
association cortices to extend our understanding of the cognitive and behavioral 
manifestations of AD. Radiotracers for use in imaging amyloid, which is specifi- 
cally associated with disease pathology, are actively being developed. The possi- 
bility of using PET in the diagnosis of dementia was a logical extension of the ini- 
tial finding of temporoparietal hypometabolism in AD. The fact that the diagnosis 

K. Herholz et al., NeuroPET 
© Springer-Verlag Berlin Heidelberg 2004 
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of AD and other dementing disorders is based on clinical assessment and is essen- 
tially one of exclusion provided a strong motivation for the proposal of a clinical 
role for PET. Although the promise of FDG-PET in clinical diagnosis has been rec- 
ognized by the Quality Standards Subcommittee of the American Academy of 
Neurology [18] and other professional organizations [19, 20], its routine use is not 
recommended. Despite many years of study, this issue remains controversial. 

As the field of clinical dementia research has progressed, the potential role of 
PET has evolved beyond the simple question of distinguishing AD patients from 
control subjects. Advances in the diagnostic criteria for AD have improved clinical 
diagnosis and raised the performance threshold required for any diagnostic test, 
including PET. In addition, there has been growing recognition of other dement- 
ing illnesses, for which diagnostic criteria have been developed. Other types of 
dementia, such as frontotemporal dementia (FTD), vascular dementia (VD), and 
dementia with Lewy bodies (DLB), need to be distinguished from AD. This is usu- 
ally done by clinical examination and neuropsychological tests, and in the case of 
VD also by structural imaging. Although some of the non-AD dementia types 
exhibit distinct findings with PET (see Table 2.1, 2.2), it is not clear whether PET 
can provide better diagnostic separation than current clinical approaches. 
Research in this area must also take into account the uncertainty in the neu- 
ropathological “gold standards” with respect to the borders between the various 
types of neurodegenerative disease, especially as they often have overlapping or 
partially nonspecific neuropathological characteristics [21]. 

A very promising application of PET is in the preclinical and early stages of AD. 
PET studies in cognitively normal subjects at genetic risk for AD, e.g., those 
homozygous for the e4 allele for apolipoprotein E (apoE), show decreases in CMR- 
glc in the same brain regions as in patients with probable AD [22]. Preclinical stud- 
ies are also of great interest in the relatively fewer subjects at risk for monogenet- 
ically inherited forms of AD, owing to mutations in presenilin (PS)i, PS2, or the 
amyloid precursor protein ( APP ) genes. Recently, attention has focused on what 
appears to be a transitional clinical stage preceding early AD: mild cognitive 
impairment (MCI) [23]. MCI is a characterized by impaired memory function that 
is not accompanied by the criteria for dementia. FDG-PET may be able to predict 
in which individuals MCI will progress to clinically manifest AD [24]. These stud- 
ies suggest a role for PET in the selection of subjects for clinical trials of treatments 
to prevent AD. In addition, PET may be a useful surrogate marker in treatment tri- 
als designed to slow AD progression in established cases. 
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2.1 .2 Alzheimer's Disease and Mild Cognitive Impairment 

2.1 .2.1 Cerebral Glucose Metabolism 

2. 1.2. 1.1 Main Findings 

A consistent finding that has been noted since the earliest PET studies in AD is 
hypometabolism affecting the temporal and parietal association cortex [13-16], 
with the angular gyrus usually being the center of the metabolic impairment 
(Fig. 2.1). The frontolateral association cortex is also frequently involved, to a vari- 
able degree [25-28], while there is relative sparing of the primary motor, somato- 
sensory, and visual cortical areas. In general, this pattern corresponds to the clin- 
ical symptoms, with impairment of memory and associative thinking, including 
higher order sensory processing and planning of action, but with relative preser- 
vation of primary motor and sensory function. These changes differ from those of 
normal aging, which leads to predominantly mesial frontal metabolic decline and 
may cause some apparent dorsal parietal and fronto-temporal (perisylvian) meta- 
bolic reduction resulting from partial volume effects caused by atrophy [29-33] 
(Fig. 2.2). 

More recent studies that used voxel-based comparisons against normal refer- 
ence data clearly show that the posterior cingulate gyrus and the precuneus are 
also impaired early in the course [34]. This was not directly obvious from inspec- 
tion of FDG-PET scans, because metabolism in that area is typically above the 
average level normal in the cortex [35]. When impairment develops the metabo- 
lism decreases to the level of surrounding cortex but there is no visually apparent 
hypometabolic lesion. Thus, this potential diagnostic sign is easily missed by stan- 
dard visual interpretation of FDG scans (Fig. 2.3). 



Fig. 2.1 Surface render- 
ing of cortical metabolic 
abnormalities in 
Alzheimer disease (AD). 
Bright areas have 
impaired metabolism, 
which is typically most 
severe in the angular 
gyrus region (marked by 
blue circle). A video clip 
showing more of the 
cortical surface and its 
metabolic abnormalities 
is provided on the 
attached CD-ROM 
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Of considerable interest is the metabolic status of the mesial temporal cortex, 
including the entorhinal cortex. Tangles appear there very early in the course of 
AD, and substantial atrophy subsequently develops, as demonstrated in many MRI 
studies [36]. Memory impairment is, of course, an early and cardinal manifestation 
of AD. It has been reported that mesial temporal (entorhinal) metabolism is 
reduced very early in APOE4-positive individuals [37], but the more common 
observation is that hippocampal hypometabolism is associated with more severe 
dementia. In our experience, FDG uptake in AD may be reduced in the mesial tem- 
poral lobe, but not to the same degree or with the same frequency as in neocorti- 
cal association areas. It seems that the mesial temporal lobe atrophy in AD 
detected on MRI is correlated with remote metabolic deficits in the temporopari- 
etal and frontal association cortex and in the posterior cingulate cortex [38]. 




2.1 Dementia and Memory Disorders 11 







A 

w 


normal 
FDG PET 




• iS 







FDG PET 



m I . » I r 

I w I v- ; 1 si/ 



Statistical map 



severe 



mild AD 



My ; Fluor-18-fluorodeoxy-D-glucose (FDG)-positron emission tomography (PET) (top row 
transaxial slices at level of semioval center) and corresponding t-maps of with metabolically 
abnormal regions identified by white color ( bottom row ) in four patients with AD of different 
grades of severity. Note the difficulty of recognizing the metabolic impairment of the posterior 
cingulate in the mild cases {arrow) on original scans 



In early AD there is often distinct hemispheric asymmetry, which usually cor- 
responds to the predominant cognitive deficits (i.e., language impairment in the 
dominant and visuospatial disorientation in the nondominant hemisphere) [39]. 
Frontal and parietal asymmetry is often associated with mild mirror asymmetry 
of cerebellar metabolism. This indicates crossed-cerebellar diaschisis rather than 
primary cerebellar involvement in the disease process [40]. An unexplained obser- 
vation is that the pattern of temporoparietal hypometabolism is more prominent 
in younger than in older AD patients [41, 42]. This could be because younger 
patients have a greater cognitive reserve and therefore require a more advanced 
pathologic process to become symptomatic. Patients with Down syndrome, who 
are at increased risk for premature AD, develop the metabolic changes of AD in 
association with their cognitive decline [43, 44]. 

Dynamic PET studies have been performed to determine whether changes in 
FDG transport and phosphorylation are associated with cortical hypometabo- 
lism. Both glucose transport and phosphorylation have been found to be reduced 
[45-47]. The findings are consistent with those recorded in an in vitro study that 
showed lowered levels of glucose transporters in AD brain [48]. Studies of glucose 
transport are of interest because of findings that resistance to insulin and insulin- 
like growth factor may occur in AD [49]. 

Several nootropic drugs intended to enhance cognitive function alter the cere- 
bral glucose metabolism (CMRglc). Increased CMRglc has been demonstrated 
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with piracetam (a putative enhancer of cerebral metabolism) [5o],propentofylline 
(an adenosine uptake blocker) [51], and metrifonate (a long-lasting cholinesterase 
inhibitor) [52]; the last two studies showed an associated improvement in certain 
cognitive measures. Reductions in CMRglc were found with physostigmine [53], 
however, in spite of improved attention. 

2.1 .2.1 .2 Longitudinal Studies 

Longitudinal studies have shown that the severity and extent of metabolic impair- 
ment in temporal and parietal cortex increases as dementia progresses and frontal 
involvement becomes more prominent [54]. The decline is much faster than in 
normal control subjects, who have been reported to show significant changes of 
CMRglc over 3 years [55]. Our own longitudinal data indicate that the total cortical 
metabolic impairment in AD increases at a constant rate, to reach the maximum 
observed impairment after 8-9 years. Metabolic asymmetries and associated pre- 
dominance of language or visuospatial impairment tend to persist during pro- 
gression [56, 57]. Metabolic rates in basal ganglia and thalamus remain stable and 
are unrelated to progression [55] . Thus, in late dementia there is typically a pattern 
of severe hypometabolism in temporoparietal and frontal association cortices, 
with relative sparing of primary cortical areas. 

2.1 .2.1 .3 Relation to Neuropsychological Tests 
and Behavioral Symptoms 

Owing to the widespread metabolic deficits and pervasive cognitive impairment 
in AD, it can be difficult to relate metabolic changes in specific brain regions to 
specific types of cognitive disturbance. Memory impairment, which occurs early 
in the disease, correlates with a decline in CMRglc in virtually all limbic and asso- 
ciation areas affected, and also with cerebral atrophy [58]. The strongest associa- 
tions of memory abnormality are usually seen with temporal cortex [59]. In early 
AD, episodic memory impairment correlates most closely with reduced parahip- 
pocampal and retrosplenial CMRglc [60] . It is noteworthy, however, that the initial 
metabolic impairment in AD is not limited to hippocampal structures, more 
prominent neocortical metabolic abnormalities tending to occur early and some- 
times preceding nonmemory cognitive impairments [61, 62]. 

The metabolic asymmetry that is often seen, especially in early AD, correlates 
to some extent with the neuropsychological profile. Patients with more severe 
impairment of the dominant (usually left) hemisphere have more language prob- 
lems [39, 63], whereas patients more severe impairment of the nondominant hemi- 
sphere have more visuospatial deficits. These neuropsychological and metabolic 
asymmetries tend to persist during progression of the disease [56]. 

When they have controlled for age, sex, education, and severity of illness, 
researchers have extracted more regionally specific relations between CMRglc and 
cognitive function. For example, impaired semantic processing of language has 
been found to be related to glucose hypometabolism in the inferior temporal 
gyrus and inferior parietal lobule [63]. It has been difficult to design neuropsy- 
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chological tests to assess frontal lobe function in AD [64], and so far the results of 
such tests have not been correlated with frontal metabolism. 

Behavioral symptoms, such as apathy, disinhibition or paranoia, are not typi- 
cally prominent in early AD, but may significantly contribute to the clinical syn- 
drome with disease progression and cause a heavy burden for caregivers. As in 
frontotemporal dementia, where these symptoms appear early, there is evidence 
that the behavioral deficits are related to frontal metabolism. For example, a rela- 
tionship between severity of delusional thought and CMRglc was found in the 
right superior dorsolateral frontal cortex (Brodmann’s area 8), the right inferior 
frontal pole (Brodmanris area 10), and the right lateral orbitofrontal region (Brod- 
mann’s area 47) [65]. Lack of insight into disease severity appears to be related to 
fronto-orbital hypometabolism [66], while agitation, disinhibition, and irritability 
have been associated with decreased anterior cingulate and orbitofrontal CMRglc 
[67,68]. 



2.1 .2.1 .4 Relation to Autopsy Data 

Autopsy studies are potentially valuable for our understanding of the mechanisms 
of decreased CMRglc in AD, but are limited by the difficulty of obtaining a PET 
scan shortly before death. Also, autopsy patients typically have advanced disease, 
so that a spectrum of the severity of neuropathological change may not be avail- 
able for correlation with PET. Many studies have used autopsy findings to confirm 
a PET diagnosis recorded before death. In an autopsy series of 22 patients, the sen- 
sitivity, specificity, and diagnostic accuracy of bilateral temporoparietal hypome- 
tabolism associated with AD were 93%, 63%, and 82%, respectively [69]. There 
have been several small series with typical PET findings and pathologically con- 
firmed AD [25, 70]. Findings in 138 patients examined in multiple centers have 
been combined and indicate a sensitivity of 94% and a specificity of 73 % for FDG- 
PET to allow correct prediction of a pathological diagnosis of AD [71]. 

Among the histopathological hallmarks of AD, intraneuronal neurofibrillary 
tangles correlate significantly with severity of dementia, whereas there is only a 
loose correlation or none at all for amyloid plaques [72] . Thus, it might be expected 
that neurofibrillary tangles should also correlate with hypometabolism, because 
this is also closely related to dementia severity. However, studies comparing the 
spatial relation of premortal FDG uptake with postmortem histopathology have 
not generally found consistent relationships, suggesting that alternative mecha- 
nisms underlie the metabolic defect [70, 73] . For example, in the report of a case in 
which PET was performed 8 hours before death in a subject with advanced AD 
there was an inverse correlation between FDG uptake and amyloid protein in pari- 
eto-occipital and prefrontal tissue, but not in temporal lobe tissue [74]. In another 
study in which PET was performed a mean of 2.5 years before death in six patients, 
there was a significant negative correlation between local metabolism and neu- 
rofibrillary tangles in only two cases [75]. Neurofibrillary tangles in neocortical 
association areas occur relatively late in the progression of AD [76], but the meta- 
bolic changes are present prior to clinical onset, so that it is unlikely that hypome- 
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tabolism is directly related to the tangles. Thus, the microstructural or molecular 
changes that cause the functional deficits seen with FDG remain to be determined. 
Potential candidates are dendritic or synaptic changes [77] and tissue deposition 
of beta amyloid [78]. Another possibility is that hypometabolism in association 
cortex reflects decreased activity from distant afferent inputs, resulting in 
decreased local synaptic activity that is unrelated to local pathology. 

2.1 .2.1 .5 Preclinical and Early AD 

“Mild cognitive impairment” (MCI) is the term used for an isolated memory 
deficit in the absence of other criteria for dementia in individuals who are other- 
wise functioning well [23, 79]. This condition may represent a transitional phase 
before clinically recognizable AD. Approximately 13% of patients with MCI 
progress to dementia per year, but many remain stable for several years or even 
prove to have had a reversible memory deficit. The clinical diagnosis of MCI is 
often uncertain, because results may depend on the particular memory test used 
[80]. The development of a practice parameter for identification and management 
of MCI should stimulate research in this important area. PET could help elucidate 
the pathophysiological relationship between MCI and AD, and could potentially 
identify those patients who are at high risk of developing AD. Early diagnosis 
could become a major clinical issue if drugs that slow or prevent disease progres- 
sion become available. Candidate drugs have already been identified, and PET 
could have an important role in clinical trials. 

Metabolic reductions in MCI are focused in limbic structures, and particularly 
in parahippocampal gyrus and posterior cingulate [81]. Data are accumulating 
which show that presence of the AD metabolic pattern predicts conversion from 
MCI to clinical dementia of Alzheimer type, and therefore indicates “incipient AD” 
(Fig. 2.4). In a longitudinal study of APOE 84-positive, nondemented subjects with 
memory complaints, FDG-PET findings predicted subsequent cognitive decline 
2years later [82]. In Cologne, we studied patients who had mild cognitive deficits 
mostly limited to impaired memory and who scored higher than 23 on the Mini- 
Mental Status Examination (MMSE) but did not yet fulfill the criteria for probable 
AD [83]. Most of these patients would have fulfilled the criteria for MCI. We found 
that in 60-70% of patients with moderate or severe metabolic impairment of 
association cortices the MMSE scores declined by 3 or more points within 2 years 
(mostly leading to clinical dementia), whereas only 10-20% of patients without 
such metabolic impairment had a significant cognitive decline [84] (Fig. 2.5). Sev- 
eral other recent reports have demonstrated the predictive value of temporopari- 
etal metabolic impairment for conversion of MCI to AD [85-88]. 

Abnormal cortical glucose metabolism has also been observed in asympto- 
matic subjects at high risk of AD [22, 37, 89, 90]. For example, cognitively normal 
subjects homozygous for the e 4 allele for APOE had a pattern of cortical hypome- 
tabolism similar to that of AD. Asymptomatic 14 heterozygotes had declines in 
CMRglc in several brain regions affected in AD over a 2-year period. These were 
group analyses that did not study the diagnostic use of FDG-PET to predict 
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dementia in individual subjects, and it is unlikely, for obvious practical reasons, 
that PET could be used as a general screening procedure for AD in asymptomatic 
subjects [22]. These studies, however, do provide support for using PET to select 
subjects for clinical trials of treatments to prevent AD. From longitudinal data in 
cognitively normal e heterozygotes, it was estimated that between 50 and 155 sub- 
jects would be needed in each placebo and treatment group to detect a 25 % atten- 
uation of CMRglc decline over 2years [22]. In patients with established AD, it was 
estimated that 61 patients per treatment group would be needed to detect a simi- 
lar drug effect over lyear [91]. 



same orthogonal slices at position marked by crosshairs) 
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2.1 .2.1 .6 Comparison with Other CBF and Metabolic Studies 

An early study indicated that oxygen metabolism (CMR 0 2 ) was altered in AD, with 
a similar pattern to that of CMRglc [17]. In a direct comparison of FDG and 15 0 
tracers [92], CMR 0 2 appeared to be reduced by less than FDG and CBF in associ- 
ation areas. The typical pattern of abnormality in association areas seen with FDG 
has been described for CBF images obtained with both PET and SPECT [93, 94], 
probably because of the close coupling of both processes to neuronal function. In 
the few direct comparisons of FDG-PET with SPECT that have been performed, 
however [95-97], FDG-PET has always been shown to be more accurate. Since the 
greatest benefit of functional imaging in dementia diagnosis will probably not be 
in cases with typical AD symptoms but rather in those with more subtle symp- 
toms, e.g., MCI [86, 98-100] , the higher accuracy is certainly needed. Whether PET 
could be more cost effective than SPECT in this situation in spite of its higher 
acquisition and operating costs has not yet been studied. Usually, 15 0 studies pro- 
vide less favorable image statistics than FDG, which may be one reason why a 
clinical study of 15 0 - water PET [94] led to the conclusion that it is not useful for 
clinical diagnosis of AD. 

Alterations in CMRglc are also correlated to some extent with changes in local 
blood volume that influence magnetic susceptibility functional MR imaging [101, 
102]. Only a few studies have been done so far with this technique, which is sensi- 
tive to susceptibility artifacts that limit its clinical potential. 

2.1 .2.1 .7 FDG-PET for Clinical Diagnosis of AD 

The definitive diagnosis of AD requires histopathological verification, which is 
usually not possible until after death. Pathological studies have demonstrated that 
the histopathological features of AD disease can be found even in cognitively nor- 
mal individuals many years before the manifestation of dementia [103]. The diag- 
nosis of AD and other dementias is based on clinical assessment, however, and is 
a diagnosis of exclusion. A major advance was the development of explicit clinical 
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criteria, such as the NINCDS-ADRDA criteria [104], which, when carefully applied, 
accurately predict the presence of AD [105]. Using these criteria does require care 
and time, however. The identification of a metabolic pattern in AD, and the moti- 
vation for basing diagnoses on tests rather than clinical observation, especially for 
a disease as devastating as AD, have led to the proposal that PET could be useful to 
assess patients with the symptoms of dementia. Professional organizations have 
not yet recommended this use of PET as a standard clinical tool, however [18-20]. 
The Quality Standards Subcommittee of the American Academy of Neurology 
(AAN) recommends using standardized clinical diagnostic criteria that can be 
checked with structural neuroimaging (either CT or MRI) to rule out relatively 
rare treatable conditions such as frontal brain tumor, chronic subdural hematoma, 
and normal pressure hydrocephalus, plus screening for depression, hypothy- 
roidism, and vitamin B12 deficiency [18]. PET has been noted as a promising tech- 
nique, but it is felt that further prospective studies are still needed to determine 
whether it adds anything to the clinical diagnosis. 

As noted above, several studies have compared premortem diagnoses with 
autopsy findings to determine the accuracy of PET [25, 70]. In one series of 22 
patients with memory loss or dementia that was difficult to characterize by means 
of clinical criteria, the sensitivity and specificity for bilateral temporoparietal 
hypometabolism associated with AD were 93% and 63%, respectively; the clinical 
diagnosis was more highly specific (88%), but its sensitivity was lower, at 64% 
[69]. A large study combining data from eight centers compared PET findings 
(visual assessment of the FDG uptake pattern), clinical course, and autopsy results 
[71]. In the 146 subjects in whom longitudinal clinical follow-up was possible, PET 
predicted clinical progression of dementia with a sensitivity of 91%, but had a 
lower specificity for discrimination from other neurodegenerative disorders of 
75 %. Results were similar in the 138 patients with regard to autopsy diagnoses 
(sensitivity 94 %, specificity 73 %). 

Whether these results support the clinical use of PET in the work-up of patients 
presenting with possible dementia has yet to be established. Questions have been 
raised about the design of these studies, their applicability in hospital practice, and 
their cost effectiveness [106-108]. Reports comparing premortem and post- 
mortem diagnoses have generally not fulfilled the methodological standards that 
are desirable for diagnostic test research [6, 109]. The critical issue of whether PET 
has an incremental benefit when added to a careful clinical assessment has so far 
not been assessed. 

Cost-benefit analyses have also not been definitive. One study [98] estimated 
that use of PET could decrease rates of both false-negative (from 8.3% to 3.1%) 
and false-positive (from 23.0% to 11.9%) diagnoses, with a subsequent reduction 
in costs of additional care for patients with advanced dementia who could have 
benefited from earlier diagnosis and for unnecessary drug therapy of patients in 
whom it was not indicated. Other studies have calculated that general use of PET 
in patients with a clinical diagnosis of dementia is not cost effective [108, 110]. It 
has been concluded that current treatment with acetylcholinesterase inhibitors, 
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Temporal meta- 
bolic impairment in a 
patient with memory 
deficit and aphasia 
due to a left temporal 
ischemic infarct {arrow) 



which have few side effects, should be offered to patients identified as having AD 
according to standard clinical criteria. PET would be warranted when treatments 
become available that are effective in slowing disease progression but have the 
potential for moderate to severe complications. 

Although the pattern of FDG uptake in AD is quite a sensitive indicator of the 
diagnosis, it can also be seen in other conditions. One limitation of the uncritical 
use of FDG-PET is that patients with Parkinson disease (PD) can show a very sim- 
ilar metabolic pattern [111, 112], even in the absence of major cognitive deficits 
[113]. These changes may even be reversible with electrical stimulation of the sub- 
thalamic nucleus [114]. Yet, with appropriate clinical information, the “pseudo- 
AD” metabolic pattern should not be a major problem, because it is seen only in 
patients with long-standing PD who have the typical motor symptoms. The ques- 
tion of whether the occurrence of that pattern in PD indicates incipient dementia 
(of Alzheimer or Lewy body type) requires further study. 

In theory, any functional impairment of cortical association areas, regardless of 
the underlying etiology, could mimic AD in FDG-PET and in the clinical symp- 
toms. To exclude nondegenerative lesions as causes of focal FDG reductions that 
could mimic AD, it is always wise to compare the PET images with structural 
images, which are part of any comprehensive diagnostic work-up (Fig. 2.6). Con- 
versely, sparing of structures that are typically not affected may not be perfect, and 
the resulting atypical FDG distribution patterns may lead to erroneous exclusion 
of AD. 

Patients with late-onset AD may show less difference between typically affected 
and nonaffected brain regions, which could potentially lead to reduced diagnostic 
accuracy of FDG-PET [41, 115]. This could reflect the fact that at higher age multi- 
factorial damage to the brain is likely to be cumulative and, actually, in neu- 
ropathological studies too the proportion of diagnoses of unclassifiable dementia 
is increasing among the oldest old. Thus, according to general clinical wisdom, 
FDG-PET probably has less potential for diagnostic use in very old patients. 
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2.1 .2.1 .8 Technical Issues 

During a scan, subjects are often asked to keep their eyes closed for at least 30 min- 
utes during FDG uptake, to avoid visual stimulation which could induce variabil- 
ity of occipital uptake. Some patients may forget this or need repeated reminders, 
which interfere with pure resting conditions. Alternatively, studies can be per- 
formed with the eyes open. This potential confounder mainly affects occipital glu- 
cose metabolism and is more of a consideration for scans obtained for research, 
rather than clinical, purposes. PET is generally well tolerated in demented 
patients. Sedation (if needed) with benzodiazepines leads to a global reduction of 
CMRglc but does not change the metabolic pattern typical for AD [116] and may 
permit the study of patients who are otherwise unable to cooperate. 

Early PET studies of AD were typically performed with arterial blood sampling 
to obtain plasma levels of FDG and glucose for use in the operational equation to 
calculate CMRglc (see section 4.9.2.2 for methodology). Because the level of FDG 
uptake is approximately proportional to CMRglc, images of tissue counts are often 
used to avoid blood sampling. In clinical applications especially, visual analysis of 
the pattern of FDG uptake is usually sufficient. It has long been recognized that 
even in normal subjects there is variability in both global and regional PET meas- 
urements, which reflects both physiological variation and methodological inaccu- 
racies. Therefore, techniques are often applied to facilitate detection of regional 
changes in spite of global variability by “normalizing” regional data. Regional val- 
ues are divided by the global value or by the value in a structure presumed to be 
minimally involved in the disease process, to adjust for the effect of global varia- 
tion, e.g., motor cortex, thalamus, cerebellum, or brain stem in AD [117-119]. A 
combination of all typically preserved regions (cerebellum, brain stem, putamen, 
motor and visual cortex) provides the most robust reference to scale brain FDG 
uptake in AD [120]. Thus, blood sampling to obtain absolute CMRglc is not neces- 
sary for the diagnosis of AD, and evaluation of the FDG uptake pattern with nor- 
malization to typically preserved reference regions is sufficient and the most sen- 
sitive method. 

Voxel-based comparisons of scans in early AD patients against data obtained in 
normal controls show decreased FDG uptake in the posterior cingulate gyrus that 
is not apparent on visual inspection of images. This shows the value of automated 
methods of image analysis [34] in both research and clinical applications in AD. It 
is becoming standard to base the interpretation of patient studies not only on 
visual interpretation of the tracer distribution, but also on quantitative mapping 
with reference to an appropriate normal sample [32, 121-124] (Fig. 2.3). This tech- 
nical advance also overcomes the ambiguities of qualitative image interpretation 
and reduces the variability introduced by differing physician experience and 
expertise. 

Activity in normal cerebral cortex, with a thickness of 3-5 mm, cannot be meas- 
ured accurately with current standard PET equipment with a spatial resolution of 
4-8 mm, because of incomplete recovery of counts and partial volume averaging 
[125] . Although techniques for atrophy correction are available, [126, 127] , their use 
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is limited by the requirement of high-quality coregistered MRI and the sensitivity 
of the procedure to noise and bias. Most probably the issue will be settled by the 
next generation of PET scanners with higher spatial resolution of approx. 2.5 mm 
(see section 4.2). 

The impact of cerebral atrophy depends upon the context in which PET is being 
used. For clinical studies, cortical atrophy and partial volume averaging with 
metabolically inactive, enlarged cerebrospinal fluid spaces will further decrease 
the apparent FDG uptake, actually increasing the diagnostic sensitivity for AD. On 
the other hand, other atrophic processes will also appear to have reduced FDG 
uptake, thus reducing specificity. Many degenerative brain diseases (and even nor- 
mal aging) lead to global brain atrophy, with associated partial volume effects that 
are typically most pronounced in dorsal parietal and perisylvian cortex. There- 
fore, reduced FDG uptake in the angular gyrus and posterior cingulate provides 
better specificity for identification of the typical AD pattern than does the reduc- 
tion in dorsal parietal cortex. Whether CMRglc in AD is actually reduced per unit 
volume of remaining brain tissue is an important research question. Studies that 
have applied a correction for partial volume averaging have demonstrated that the 
metabolic declines persist, although they are not as great [126, 128]. This indicates 
that the declines in CMRglc in AD are not due solely to cerebral atrophy. 



2.1 .2.2 Cholinergic Degeneration 

Degeneration of cholinergic neurons has been observed in several neurodegener- 
ative diseases, most notably in AD and PD [129, 130], whereas it may be mostly 
intact in vascular dementia (VD) [131] and in frontotemporal dementia (FTD) 
[132]. These neurons express acetylcholine esterase (AChE) as an enzyme for 
degradation of acetylcholine. In recent years, the piperidine analogues n C-labeled 
N-methyl-4-piperidyl acetate (MP4A) [133] and N-methyl-4-piperidyl propionate 
(MP4P) [134] have been developed for in vivo imaging of cerebral AChE with PET. 
Reduced AChE activity in AD has been observed in several studies with these trac- 
ers [119, 135, 136]. It is reduced in all cortical areas, most severely in occipital and 
temporal cortex, but is still preserved in mild to moderate AD in the nucleus 
basalis of Meynert [137], suggesting that cholinergic impairment begins in corti- 
cal regions and affects the basal cell nuclei slowly as the result of a “dying back” 
phenomenon (Fig. 2.7). Compared with PD, in which AChE may be reduced with- 
out dementia, the reduction in AD is more severe in the parieto-temporo-occipi- 
tal association cortex [138]. 

The additional AChE inhibition resulting from the action of choline esterase 
inhibitors, which are used therapeutically in AD to enhance synaptic acetylcholine 
levels by inhibition of hydrolysis, can also be measured. Studies suggest that 
donepezil at standard doses inhibits cerebral cholinesterases by only 27% [139], or 
more specifically, inhibits AChE by 39 % [140]. 

Labeled ChE inhibitors have also been used to measure cerebral AChE expres- 
sion. n C-Physostigmine and n C-CP-i26,998, an N-benzylpiperidine benzisoxa- 
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f i u 2,7. MP4A-PET (coronal slices 2 mm posterior to AC) demonstrates reduced cortical acetyl- 
choline (AChE) activity in mild AD, but high activity in basal forebrain is still preserved at that 
stage 



zole, showed a good correlation with the known AChE concentrations measured 
in human brain [141, 142]. n C-Methyl-tetrahydroaminoacridine easily crosses the 
blood-brain barrier and is highly concentrated in the brain, but the regional brain 
distribution of the tracer does not parallel that of in vivo AChE concentrations 
[l43] * 

Unfortunately, there is no tracer for the main acetylcholine synthetic enzyme, 
choline acetyl transferase. The vesamicol derivative l8 F-fluoroethoxy-ben- 
zovesamicol is a tracer for the vesicular acetylcholine transporter in cholinergic 
synapses [144], but has not been used in humans. Its SPECT analogue demon- 
strates reduced binding in AD [145], but its use may be limited by toxicity that 
requires very high specific activities. 

Autopsy studies reveal that nicotinic receptors are altered and reduced in AD, 
and nicotinic agonists may exert beneficial cognitive effects. Therefore, in vivo 
studies are of potential diagnostic and therapeutic interest [146]. Epibatidine is a 
highly specific ligand, but is also very toxic [147, 148] and therefore not likely to be 
of clinical diagnostic use. Much research is being done in attempts to develop less 
toxic derivatives and related tracers [149-152]. One agent that appears promising 
is A-85380 [153], which has been used to demonstrate the competing effects of 
nicotine and metabolites in the monkey [154]. It seems promising for human PET 
studies if labeled by l8 F in the 6-position [155, 156]. n C-Nicotine has also beemused 
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to image nicotinic receptors in the brain [157], but practical use and quantitation 
is limited by relatively high levels of unspecific binding. 

So far, no consistent changes have been observed with regard to muscarinic 
acetylcholine receptor (mAChR)-binding capacity in AD [158]. Yet, treatment with 
AChE inhibitors leads to an agonist-induced increase of in vivo mAChR radioli- 
gand binding [159]. Increased binding was also induced by infusion of a mus- 
carinic cholinergic receptor agonist [160]. l8 F-FP-TZTP, an M2 selective mus- 
carinic agonist, showed higher distribution volumes in cognitively normal, older 
subjects with an APOE £4 allele. A possible explanation for this finding is a lower 
concentration of acetylcholine in the synapse of APOE ^-positive subjects [161]. 



2.1 .2.3 Other Receptors and Transmitters 

In addition to the cholinergic system, multiple other transmitter systems are 
impaired in AD. In a study with the 5-HT 2A ligand l8 F-altanserin, significantly 
reduced binding was observed in several brain regions, including the anterior cin- 
gulate, prefrontal cortex, and sensorimotor cortex [162]. A related finding of 
potential clinical relevance is an association between 5-HT 2A receptor polymor- 
phism and psychotic symptoms in AD [163]. 

Dopaminergic innervation of the striatum, as measured by FDOPA, is largely 
intact in AD (in contrast to dementia with Lewy bodies, see section 2.1.3), even in 
the presence of mild“parkinsonoid” rigidity [164]. In the striatum, there is a mod- 
est reduction of dopamine Di receptors but not of D2 receptors [163], whereas D2 
receptors are reduced in hippocampus [166]. In contrast to CMRglc, benzodi- 
azepine receptors are largely preserved in AD, suggesting that synaptic dysfunc- 
tion rather than mere neuronal loss underlies CMRglc reduction [167]. 

Alzheimer plaques are associated with inflammatory responses, and patients 
taking certain nonsteroidal antiphlogistics seem to have a lower incidence of AD. 
Imaging of inflammation can be achieved with n C-PK-ni95, a ligand for the 
peripheral benzodiazepine receptor that is expressed on leukocytes and activated 
microglia [168]. Increased binding has been demonstrated in AD, including mild 
and early forms, suggesting that microglial activation is an early event in the 
pathogenesis of the disease [169]. 



2.1. 2.4 Amyloid Imaging 

Since most dementia researchers regard amyloid deposition as the most im- 
portant and specific pathophysiological event in AD, newly developed tracers 
that label amyloid plaques and neurofibrillary tangles are likely to play an increas- 
ingly important part [170-173]. 2-(i-(6-(2- l8 F-fluoroethyl)(methyl)amino)-2- 
naphthyl)ethylidene)malono nitrile (FDDNP) is sufficiently lipophilic to enter the 
brain and bind to amyloid beta(i-4o) fibrils [174]. FDDNP competes with the 
chemically related anti-inflammatory drugs naproxen and ibuprofen for binding 
to amyloid beta(i-4o) fibrils [173]. In a preliminary report, observation of greater 
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accumulation and slower clearance of FDDNP was described in subjects with AD 
[172]. The tracer also binds to prion plaques in vitro [176]. 

Another approach is based on histological dyes that are known to bind to amy- 
loid, such as thioflavin and Congo red [177-180]. Very promising data have been 
presented for the thioflavin-based compounds [181], especially for [N-methyl- 
11 C]2-(4 , -methylaminophenyl)-6-hydroxybenzothiazole (BTA-i), which has also 
been named Pittsburgh compound B (PIB) [182]. The real-time biodistribution 
kinetics have been studied in transgenic mouse models of AD using multiphoton 
microscopy. PIB entered the brain quickly and labeled amyloid deposits within 
minutes. The nonspecific binding was cleared rapidly, whereas specific labeling 
was prolonged [183]. First human data have also been reported, demonstrating 
increased accumulation in AD in temporal, parietal and occipital cortex as well as 
in striatum [184]. First human data have also been reported, demonstrating 
increased accumulation in AD in frontal, temporal, parietal and occipital cortex as 
well as in striatum [184]. Recent data in transgenic mice suggest that a relatively 
simple stilbene derivative, N- 11 C-methylamino-4 > -hydroxystilbene, may also be 
useful as a PET imaging agent for mapping amyloid beta plaques [185]. 



2.1 .2.5 Activation Studies 

Activation studies have been performed in AD to correlate the level of perform- 
ance of specific cognitive tasks with the loci and degree of neuronal activity as 
reflected in measurements of CBF and CMRglc and to determine how the patterns 
of activation differ from those in normal subjects. In principle, impairment of 
activated CMRglc could be a more sensitive index of the functional/metabolic fail- 
ure of neuronal systems than metabolism at rest [186], but high interindividual 
variability limits any potential clinical use of this approach [187]. Metabolism and 
blood flow in impaired association cortex can be activated by memory tasks [187]. 
Both higher and lower activation than in normal controls have been described. It 
seems that with simple tasks that can still be well-performed by AD subjects, 
increased CBF activation maybe observed [188], whereas activation is decreased 
if performance is impaired in more difficult tasks [189, 190]. Impairment of olfac- 
tion is a frequent finding in AD, and therefore an olfactory memory task may be of 
particular interest. Mesial temporal lobe activation during such a task was reduced 
in AD patients [191]. In normals, less CMRglc activation is seen in memory tasks 
with successful priming, whereas in AD patients priming and the associated atten- 
uation of the metabolic response maybe reduced [192]. 

Patterns of activation across the brain can be altered in AD. For example, dur- 
ing word retrieval, failure of temporoparietal activation in AD may be associated 
with increased frontal and cerebellar activation, perhaps reflecting compensatory 
mechanisms [193]. In a detailed rCBF study of visual memory, AD patients showed 
altered patterns of activation, suggesting that there is a functional disconnection 
between hippocampus and prefrontal cortex [194]. 
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2.1 .3 Dementia with Lewy Bodies 

Lewy bodies, intracellular deposits consisting of alpha synuclein and ubiquitin in 
the midbrain, are the pathological hallmark of PD. In dementia with Lewy bodies 
(DLB) they also occur in cerebral cortex. DLB is now recognized as the second 
most common neurodegenerative disease causing dementia after AD. DLB 
patients typically have fluctuating levels of cognition and consciousness, visual 
hallucinations early in their course, falls, and parkinsonism [195, 196]. There are 
clinical and pathological overlaps between DLB and PD, and between DLB and AD. 
Up to 30 % of patients with PD develop dementia and often hallucinations, espe- 
cially when treated with dopaminergic drugs. It is likely that PD and DLB are man- 
ifestations of the spectrum of Lewy body disorder, with possible intermediate 
manifestations and progression of primary midbrain lesions to involve cortical 
areas and vice versa. The dementia in PD also seems to have Lewy bodies as its 
pathological basis [197]. The nosological classification of DLB is further compli- 
cated by the fact that cortical Lewy bodies may also occur to a variable extent in 
AD [198]. FDG-PET studies in DLB have shown a pattern of temporal and parietal 
hypometabolism similar to that in AD. The distinguishing feature is reduced 
metabolism in primary visual cortex, which is usually spared in AD [199-201]. 
Hypometabolism in visual cortex maybe the correlate of impaired visual process- 
ing and visual hallucinations. The diagnostic reliability of this finding is not yet 
clear, however. 

A more specific PET finding in DLB is probably reduced l8 F-DOPA uptake in the 
putamen [202, 203], an abnormality that is absent in AD [164] (Fig. 2.8). In contrast 
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Fig. 2,8. CMRglc (FDG), AChE activity (MP4A), and dopamine synthesis (FDOPA) in DLB, with 
main abnormalities marked by red arrows 
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to PD, where dopaminergic dysfunction is most severe in the posterior putamen, 
in DLB the caudate and the anterior and posterior parts of the putamen seem to 
be equally affected. 



2*1 *4 Frontotemporal Dementia and Related Disorders 

Frontotemporal dementia (FTD) is not a specific clinical or pathological diagno- 
sis, but rather refers to a heterogeneous group of disorders clinically characterized 
by early changes in personality and behavior, or by aphasia, with memory impair- 
ment absent or less prominent [204]. Abnormalities include social disinhibition, 
inappropriate behavior, and impulsiveness. The spectrum of FTD includes classic 
Pick’s disease, but also primary progressive aphasia and semantic dementia [205]. 
Clinical differentiation from AD is usually not very difficult, but FTD is usually not 
diagnosed at an early stage because mild symptoms are difficult to verify objec- 
tively. FTD is often associated with impairment of language production, and in the 
variants of semantic dementia and primary progressive aphasia the language dis- 
order is the initial symptom and dementia may initially be absent [206]. FTD is 
characterized by neuronal degeneration primarily affecting the frontal and ante- 
rior temporal lobes, without Lewy bodies, plaques or tangles; Pick bodies are pres- 
ent in some cases. Familial FTD may be associated with parkinsonism and with 
mutations in the tau gene on chromosome 17 [207]. 

FTD is identified on FDG-PET scans by a distinct frontal or frontotemporal 
metabolic abnormality [208, 209]. Apparently, mesial frontal hypometabolism is 
the most common and can be found in nearly every case [66] (Fig. 2.9). Very fre- 
quently, there is also prominent focal atrophy of the frontal and temporal lobe in 
one hemisphere, corresponding to a metabolic deficit that is also strongly asym- 
metric, is centered in the anterior pole of the temporal lobe, and extends to other 
association areas (Fig. 2.10). It seems that FTD can also be differentiated from cor- 
ticobasal degeneration with predominant parietal metabolic reduction [210], 
although histopathological features may overlap [211]. Frontal metabolic impair- 
ment occurs in many other conditions, including progressive supranuclear palsy 
(in combination with midbrain impairment) [212], spinocerebellar atrophy [213], 
and cocaine abuse [214]. There are also cases with combinations of frontal and 
temporoparietal hypometabolism that could represent either AD or FTD. Further- 
more, there are a few cases with the clinical syndrome of AD but isolated frontal 
hypometabolism [25]. 

Semantic dementia, a clinical syndrome that is probably related to FTD (and 
also called temporal variant of FTD), is characterized by fluent dysphasia with 
severe anomia, reduced vocabulary, and impaired single-word comprehension, 
progressing to a stage of virtually complete dissolution of the semantic compo- 
nents of language [215]. The main metabolic impairment is located in temporal 
cortex of the dominant hemisphere, where there is also focal atrophy [215]. With a 
semantic decision task, patients activate some areas similar to those activated in 
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normal subjects, including regions of significant atrophy, but show substantially 
reduced activity particularly in the left posterior inferior temporal gyrus [216]. 

Primary progressive (nonfluent) aphasia is another related syndrome associ- 
ated with left frontal and temporal hypometabolism [217-221] that can also affect 
additional brain areas to a lesser degree, suggesting that it is not a strictly focal 
impairment. A similar condition also seems to exist for the right hemisphere, clin- 
ically consisting of progressive prosopagnosia [222] (Fig. 2.11). Most cases seem to 
be histopathologically related to FTD, and they may progress to FTD or dementia 
of Alzheimer type after several years. 

Frontal dysfunction with impairment of executive function and verbal fluency 
may also be present in amyotrophic lateral sclerosis (see also section 2.2.3.5.). In 
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Left focal anterior temporal atrophy {arrow) and extended impairment of cortical 
CMRglc with pronounced hemispheric asymmetry in frontotemporal dementia (FTD) 




Progressive prosopagnosia with atrophy and metabolic impairment of right lingual 
and fusiform gyrus (arrow ). The patient had severe difficulties in recognizing familiar faces and 
had mild verbal and visual memory impairment, but was otherwise cognitively normal (MMSE 
30) 
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such patients a frontal reduction of resting CMRglc [223] and significantly 
impaired activation in dorsolateral prefrontal cortex, lateral preemptor cortex, 
medial prefrontal and preemptor cortices, insular cortex and the anterior thalamic 
nuclear complex was observed [224, 225]. Moderate frontal dysfunction and 
hypometabolism is also observed in other neurological and psychiatric disorders 
(see Table 2.2 and section 2.7) and therefore cannot be regarded as a specific diag- 
nostic feature. 



2.1.5 Vascular Dementia 

The diagnosis of vascular dementia ( VD) is difficult because there is no consensus 
on clinical criteria, and the correspondence between existing criteria (e.g., ICD-10, 
DSM-IV, NINDS-AIREN, CAMDEX) is poor [226, 227]. The frequency of pure VD 
is low in most European and American autopsy series [228], but seems to be con- 
siderably higher in Japan [229]. Cerebral arteriosclerosis frequently coexists with 
AD in elderly subjects (but also occurs in elderly subjects without dementia). Also, 
cerebrovascular lesions are detected with high sensitivity on MRI (on T2-weighted 
images, with or without fluid signal suppression), whereas structural imaging pro- 
vides no specific signs of AD. Therefore, there may be a tendency to diagnose VD 
clinically on the basis of the MRI findings when the correct diagnosis would oth- 
erwise have been mixed dementia, as seen from the finding of neuropathologies in 
20-40 % of dementia cases, at least in Europe and the U.S [228]. There seem to be 
no distinctive features of VD in FDG-PET (except in those patients who have mul- 
tiple cortical ischemic infarcts that are seen as corresponding lesions on MRI/CT 
and PET). Several studies suggest that a diffuse global reduction of cerebral glu- 
cose metabolism is a typical finding in VD (Fig. 2.12) and that the degree of that 
reduction in association cortex is similar to that seen in AD [230, 231]. Thus, the 
contrast between metabolic impairment in association areas and preserved 
metabolism in primary areas, basal ganglia, and cerebellum, which is typical for 
AD but not for VD, seems to provide some means of distinguishing between these 
two types of dementia [230]. 

VD often has a strong component of frontal dysfunction with corresponding 
impairment of working memory and frontal metabolism [59]. Severe leukoaraio- 
sis (white matter damage as seen on MRI and CT) is an indicator of microvascu- 
lar disease. Patients with this condition and a metabolic pattern similar to AD also 
have a cognitive profile similar to that of AD (more severely impaired recognition 
memory), whereas patients without the AD pattern seen on PET have predomi- 
nant attention and working memory deficits [232]. 
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Widespread reduction of CMRglc including striatum in vascular dementia (orthogonal slices through basal ganglia 
with coregistered T2-weighted MRI) 
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2.1 .6 Creutzfeldt-Jakob Disease 

Creutzfeldt-Jakob Disease is characterized by rapidly progressive dementia, often 
accompanied by insomnia, myoclonus, and other extrapyramidal disorders. In all 
cases reported so far, CMRglc was severely reduced in a multifocal fashion 
[233-237] (Fig. 2.13). It is not clear whether these changes, which apparently occur 
in variable locations, can be reliably differentiated from AD and other dementing 
diseases. Another clinical manifestation of prion disease, progressive fatal insom- 
nia, is accompanied by thalamic hypometabolism [238, 239]. 



Initial 

study 



Six 

months 

later 



Standard CMRGIc scale 



Adjusted scale 




FDG-PET in a patient with Creutzfeldt-Jakob disease(CJD) demonstrating severe 
impairment of global brain metabolism at initial presentation (top left) and at follow-up (bottom 
left). Note that after adjustment of the color scale (which shows the images as they would be 
presented without quantitation of CMRglc) little focal abnormality is seen (top right), with some 
frontal predominance of metabolic impairment at follow-up (bottom right). Owing to very poor 
patient cooperation a movement artifact appeared and distorted the frontal brain contour 
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2,1 .7 Other Memory Disorders 

Memory functions are distributed across many brain areas, and probably all cor- 
tical association areas also have some memory functions. Nonetheless, the struc- 
tures that form Papez’s circuit, in particular the hippocampus, thalamus, fornix, 
and the mamillary bodies in the basal forebrain, are essential for most memory 
functions and bilateral damage to them will cause severe amnesia. Not all parts of 
this circuit are large enough to be imaged with PET, but a reduction of CMRglc in 
thalamus, cingulate cortex, and basal frontal cortex has been seen in most patients 
with amnesia, regardless of the etiology [240, 241]. This pattern is different from 
that typically seen in dementia, i.e., hypometabolism in temporoparietal or fron- 
tolateral association neocortex. There are many disorders that may cause memory 
dysfunction, which are treated in this book in the appropriate sections. The most 
characteristic memory disorders are presented in section 2.17.1. 



2.1 .7.1 Hypoxic and Global Ischemic Brain Damage 

One day after a hypoxic insult and resuscitation, brain metabolism is severely 
impaired, with a global reduction of CMRglc in gray matter by an average of 
approx. 50 %. Perfusion is variable and may be disturbed by a loss of vascular tone. 
No clear relation to prognosis has been established [242]. After several days, cere- 
bral lesions may be demarcated on CT and MRI. Bilateral hippocampal lesions 
may lead to severe anterograde amnesia. Since the hippocampal CAi sector is sen- 
sitive to hypoxia, amnesic syndromes may persist after circulatory arrest. In such 
cases, often widespread hypometabolism is found, which may be particularly 
severe in hippocampal regions, thalamus, posterior cingulate cortex, and mesial 
prefrontal cortex [240, 243-245]. Bilateral thalamic infarcts maybe a consequence 
of global ischemia and may also lead to severe amnesia, associated with wide- 
spread cortical hypometabolism [246-248] (see also section 2.4.4). Impairment of 
memory and other cognitive functions may also occur after major cardiac surgery 
and maybe associated with widespread reduction of CMRglc [249]. If patients do 
not regain consciousness after hypoxic brain damage, the outcome is often a veg- 
etative state (see section 2.6.2). 



2.1 .7.2 Other Amnesic Syndromes 

Korsakoff syndrome is a severe memory disorder characterized by profound 
anterograde amnesia associated with confabulation; it is usually a chronic defect 
state after severe abuse of alcohol and delirium. Reduction of CBF and energy 
metabolism has been observed in cingulate, precuneus, thalamus, frontal, tempo- 
ral, and parietal cortex [250-252] (Fig. 2.14). Hypometabolism in most of these 
structures has also been observed in other amnesic syndromes, but in Korsakoff 
syndrome hippocampal metabolism is intact [253], whereas the metabolism in the 
upper brain stem is impaired [240]. In dementia associated with Marchiafava-Big- 
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Korsakoff syndrome with moderately reduced cortical CMRglc and impairment of 
thalamic CMRglc 



nami disease, another alcohol-related disorder associated with damage to the cor- 
pus callosum, CMRglc is markedly reduced in the frontal and temporo-parieto- 
occipital association cortices, as in AD [254]. 

Intoxication with domoic acid, a contaminant of mussels that is structurally 
related to the excitatory neurotransmitter glutamate, can lead to chronic residual 
memory deficits and motor neuronopathy or axonopathy. It is associated with 
decreased glucose metabolism in the medial temporal lobes [255]. Excessive abuse 
of 3,4-methylene-dioxymethamphetamine (MDMA) and other substances can 
also lead to brain damage, including amnesic syndromes and associated reduc- 
tions of local CMRglc (see section 27.5.3). 

Few patients have been studied in the acute phase of transient global amnesia, 
which usually lasts for a few hours and then gradually resolves. In two patients 
PET findings disclosed mild but significant changes in the amygdala (right or left) 
and left posterior hippocampus, which could account for anterograde memory 
disturbance [256]. Most PET studies performed after recovery found normal CBF 
and energy metabolism [257]. In some instances, however, mild memory deficits 
may persist, with associated reductions of metabolism in hippocampal and asso- 
ciation cortices [240]. 

Psychogenic amnesic syndromes without brain damage are of considerable 
interest with regard to both diagnosis and their neurobiological correlates [258]. 
In a case report on activation by an explicit memory task, increased activation of 
the right anterior medial temporal region including the amygdala was found, but 
hippocampal activation was decreased, suggesting that information-processing 
pathways were altered substantially [259]. 



2.2 Movement Disorders 

Parkinsonian syndromes can be divided into three groups: (1) idiopathic PD, (2) 
multiple system atrophy (MSA) and similar disorders, and (3) Parkinsonian syn- 
dromes secondary to other diseases or exogenous agents. The most frequent 
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s Recommendation for a standard fluor-18-fluorodeoxy-D-glucose (FDG)-positron 
emission tomography (PET) procedure to assist with early diagnosis of dementia (based on rec- 
ommendations in [32]) 



Typical clinical situation: Patient with mild cognitive impairment or progressive subjec- 
tive memory impairment or personality changes that are suggestive of incipient demen- 
tia but do not allow a definitive clinical diagnosis, major structural lesion (apart from 
possible atrophy) excluded by CT or MRI 

Patient preparation: Examination requires normal fasting plasma glucose, which is 
usually achieved by fasting for 6 hours before examination 

PET study under standard conditions (e.g., resting with eyes closed, ears unplugged; see 
chapter 3.5,3 for alternatives) with i.v.injection of 200-370 MBq FDG and data acquisition 
20-60 min after injection 

Image reconstruction with appropriate corrections for scatter and attenuation 
Image evaluation: 

* Visual examination of images: 

- If changes in the uptake pattern typical for Alzheimer disease (AD), dementia with 
Lewy bodies (DLB),or frontotemporal dementia (FTP) are present and clinical symp- 
toms are consistent with beginning disease, PET confirms the clinical impression 

- If such PET changes are present but not consistent with clinical symptoms, findings 
are inconclusive and additional tests may be required 

- If there are PET abnormalities (that cannot be explained by partial volume effects 
attributable to atrophy alone) but they are not typical for AD, 0 LB, or FTD, other diag- 
noses should be considered (additional tests may be required) 

- If FDG-PET is normal in presence of mild clinical symptoms, these are probably not 
due to n eurodegene rat ive disease 

* To increase accuracy, abnormalities should be checked quantitatively by comparison 
with a normal data base (as provided by some software packages or www.nest-dd.org, 
see also section 4. 10 for details) 

* If absolute quantitation of CMRglc was done, global level should be checked (could be 
reduced in vascular dementia (VD> without much change in the uptake pattern, but 
can also be reduced as a result of other conditions or sedating drugs; see section 3.5) 

It is recommended that the term "dementia" not be used to describe PET findings, 
because dementia is defined as a clinical syndrome that cannot be seen on any images. 
The PET findings relate to the pathophysiological alterations of AD, DLB,or FTD that may 
lead to the respective clinical syndromes 



disorder is PD, which is relatively easy to diagnose if it presents with the typical 
combination of clinical symptoms, slowly progressive course, and response to 
dopaminergic therapy. It is due to degeneration of dopaminergic neurons located 
in the substantia nigra. It may involve degeneration of other aminergic neurons, 
but generally leaves the postsynaptic striatal and cortical neurons intact. Clinical 
symptoms usually arise only when approximately 50% of dopaminergic neurons 
are already gone. Symptomatic treatment is effective initially but cannot prevent 
disease progression, which usually leads to severe disability and death. The real- 
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Characteristic FDG-PET findings 


in neurodegenerative diseases 


1 Disease 


Brain regions with reduced FDG uptake 


Alzheimer disease [AD) 


Temporoparietal association cortex, 
posterior cingulate cortex and precuneus, 
sometimes also frontolateral association cortex 


Dementia with Lewy bodies (LBD) 


As in AD, plus primary visual cortex 
(FDOPA is abnormal, in contrast to AD) 


Frontotemporal dementia (FTD) 


Predominantly frontomesial, also frontolateral 
and anterior part of temporal lobe 


Parkinson disease (PD) 


FDG-PET usually normal (apart from atrophy 
effects), but cortical impairment similar to 
that in LBD possible in late stages of disease 


Olivo-ponto-cerebellar atrophy 


Putamen, brain stem, cerebellum, 
often also cerebral cortex 


Striatonigral degeneration 


Putamen 


Progressive supranuclear palsy 


Frontal, basal ganglia and mid brain 


Corticobasal degeneration 


Mainly parietal, central and frontal cortex, 
striatum and thalamus, often very asymmetrical 
(contralateral to clinical symptoms) 


Spinocerebella r degeneration 


Variable, probably depending on subtype, 
may be similar to OPCA 


Huntington disease 


Caudate nuclei, putamen, with progression 
also thalamus and cortex 



ization that the neurotoxin i-methyl-4-phenyl-i,2,3,6-tetrahydropyridine (MPTP) 
specifically damages dopaminergic neurons allowed the development of primate 
models of PD [260]. PET allows the study of similarities in pathophysiology 
between this model and the human disease by using the same tracers in vivo in 
experimental animals, PD patients, and drug abusers who have been accidentally 
exposed to MPTP [261]. 

Classification of MSA has a complicated history, and definitive neuropatholog- 
ical diagnosis is currently based on the neuropathological core findings of glial 
cytoplasmatic inclusions [262]. There are three main clinical manifestations: 
olivo-ponto-cerebellar atrophy (OPCA), striatonigral degeneration (SND), and 
Shy-Drager syndrome. Clinical diagnosis is often difficult, especially if the patient 
is seen only once. For instance, the clinical symptoms with predominant ataxia in 
OPCA may overlap with those of hereditary spinocerebellar atrophy (SCA). SND 
is distinct from PD in the presence of autonomic failure and, in most cases, the 
absence of tremor, but descriptions of variants of all MSA types abound in the lit- 
erature. Objective means of diagnosing these relatively rare diseases in vivo would 
be highly welcome as more certainty would be helpful in counseling patients and 
relatives, even though there is currently no effective treatment. 
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There are also other degenerative diseases that can present clinically as Parkin- 
sonian syndromes, often in combination with dementia. Progressive supranuclear 
palsy (PSP), also known as Steele-Richardson-Olszewski syndrome, is combined 
with postural instability leading to severe falls and vertical gaze palsy. Corti- 
cobasal degeneration (CBD) is characterized clinically by the association of dys- 
tonia, apraxia, and the strange feeling of an “alien limb.” Both diseases are related 
to pathological deposition of hyperphosphorylated tau protein in neurofibrils and 
are therefore related to frontotemporal dementia (see section 2.1.4), with some 
overlap of clinical symptoms in addition. To complicate matters, there may also be 
overlap of PD and dementia with Lewy bodies (DLB). Both these diseases are 
related to the same intracellular inclusion bodies containing a-synuclein that are 
called Lewy bodies, the only difference being that they are located mainly in the 
midbrain in PD and in the cortex in LBD. 

Parkinsonian syndromes secondary to other diseases (e.g., cerebrovascular dis- 
ease, Wilson’s disease) and exogenous agents (e.g., neuroleptic drugs, carbon 
monoxide poisoning) maybe a diagnostic challenge insofar as the physician needs 
to be aware of these conditions and to exclude them, which is usually possible by 
standard clinical means. 



2.2.1 Idiopathic Parkinson Disease 

2.2.1 .1 Diagnostic Issues 

In a similar way to “Alzheimer disease”, “Parkinson disease” is a clinical diagnosis 
and standard diagnostic procedures including CT and MRI mainly serve to 
exclude other diseases that may lead to parkinsonism. Functional imaging with 
PET can demonstrate the disturbance of dopamine synthesis that is the hallmark 
of PD and thus allow confirmation of the diagnosis [263], which is of particular 
interest if the clinical features are somewhat atypical (e.g., an unusually early age 
of onset). 

If symptoms are mild and clinically uncertain, positive PET findings may make 
it possible to exclude psychogenic movement disorders, which can otherwise be 
difficult to discriminate from early PD. It may also be difficult to differentiate clin- 
ically between monosymptomatic resting tremor, which is probably a subtype of 
PD, and essential tremor, which is a different disease with a better prognosis. As 
with all neurodegenerative disorders, the clinical importance of that distinction is 
likely to increase as soon as specific drugs become available that could prevent dis- 
ease progression [264]. 

If symptoms are severe and accompanied by features that are atypical in PD, 
such as incontinence or cognitive impairment early in the progression, pyramidal 
signs, ataxia, or lack of response to l-DOPA, differentiation of PD from MSA and 
related disorders is required. The established clinical criteria of PD have been 
demonstrated to be rather restrictive, and a recent comparison with neuropatho- 
logical diagnoses allowed the conclusion that PD can present with a broader clin- 
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ical picture of disease than previously thought acceptable [265]. Degeneration of 
dopaminergic neurons with lowering of the levels of their respective PET markers 
has been described in all diseases that cause parkinsonism, but the relative 
involvement of the rostral and caudal parts of the striatum (i.e., caudate vs ante- 
rior and posterior putamen) provides for some distinction between different dis- 
eases. Reduction of dopamine receptor binding and CMRglc in putamen is not a 
feature of mild to moderate PD, but is seen in MSA and in diseases that damage the 
basal ganglia [266-271]. Thus, FDG-PET has a clear potential for improvement of 
the clinical distinction [272, 273] (see Table 2.3). 

With further advances in the genomics of Parkinson disease and detection of a 
steadily increasing number of polymorphisms of questionable clinical signifi- 
cance [274], PET may also be used as a tool to detect subclinical changes of neuro- 
transmitter and receptor levels in vivo and thus contribute to the identification of 
the clinical phenotype. 



Table 2.3, Pre- and postsynaptic striatal PET findings in major movement disorders 



Disease 


Presynaptic markers 
(FDOPA) 


Postsynaptic markers 
(RAC, FOG) 


Parkinson disease 
(PD) 


Reduced, least in head 
of caudate, most in caudal 
putamen (“anterior- 
posterior gradient”) 


F DG high normal 
D2 up-regulated 


Olivo- ponto- 
cerebellar atrophy 
(OPCA) 


Reduced, usually involving 
caudate and putamen 


Reduced 

FDG also reduced 
in cerebellum 


Striatonigral 
degeneration (SND) 


As in OPCA 


RAC like OPCA 
but FDG reduced 
only stratum 


Progressive 

supranuclear palsy (PSP) 


Mildly reduced 


Striatum mostly 
normal but FDG reduced 
in frontal 

cortex and midbrain 


Corti co basal 
degeneration (CBD) 


Mildly reduced 


RAC may be reduced, 
FDG reduced 
in striatum and parietal 
cortex on affected side 


Huntington disease 


Normal (apart from atrophy) 


Severely reduced 
(most in caudate) 



RAC: 11 C-Raclopride imaging of D2 dopamine receptors 
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2.2.1 .2 Dopamine Synthesis 

The most widely used PET tracer in Parkinson disease is L-6- l8 F-fluoro-3,4-dihy- 
droxyphenylalanine (FDOPA), which was introduced into clinical use in 1983 
[275]. It is an amino acid that is transported across the BBB by the carrier system 
for large neutral amino acids (see section 3.7). It is then decarboxylated to l8 F- 
dopamine by aromatic amino acid decarboxylase (AAAD) and stored in 
dopamine vesicles (see section3.io.i). Accumulation in the putamen is decreased 
in experimental parkinsonism induced by MPTP [261] and declines with the num- 
ber of vital dopaminergic neurons [276, 277]. It is also correlated with striatal 
dopamine levels soon after even a single-dose MPTP lesion [278]. It is not strictly 
specific for dopaminergic cells but also accumulates in regions with relatively high 
concentrations of norepinephrine and serotonin. 

In normal subjects, FDOPA images taken 30-90 min after injection of l8 F- 
FDOPA with blockade of peripheral tracer decarboxylation by carbidopa show 
high tracer uptake in the striatum (caudate and putamen) and the midbrain, 
whereas uptake in cerebral cortex and cerebellum is much lower. In patients with 
PD, striatal tracer uptake and retention is reduced, most markedly on the side 
opposite to the major motor signs [279, 280]. The posterior parts of the putamen 
are most affected and the heads of the caudate nuclei least, which is consistent with 
preferential degeneration of dopaminergic neurons in the caudal and mediolat- 
eral part of the substantia nigra pars compacta [281]. This typical differential 
intrastriatal distribution of reduced uptake is often referred to as the “rostrocau- 
dal gradient” [282]. The difference between caudate and posterior putamen may 
be even wider in reality, because underestimation resulting from partial volume 
effects is stronger in the smaller caudate nucleus [283]. A longitudinal FDOPA 
study over 5 years confirmed that the disease process in PD first affects the poste- 
rior putamen, followed by the anterior putamen and the caudate nucleus [284] 
(Fig. 2.15). 

The FDOPA uptake deficit in putamen is related to indices of motor function in 
PD, such as clinical Hoehn and Yahr grades [285] and finger tapping [286]. The 
deficit in the caudate heads seems to be related more to speed of mental function 
[287] and to memory [288, 289]. This is consistent with the view that this part of 
the striatum, with its intense connections to frontal cortex, mainly supports men- 
tal rather than motor function. 

FDOPA uptake in the putamen is also reduced in monosymptomatic resting 
tremor, which seems to be the purest form of tremor-dominant PD [290, 291]. In 
contrast, dopaminergic neurons and dopamine transporters are intact in essential 
tremor [292]. Essential tremor may be clinically similar to tremor-dominant PD, 
but does not respond to l-DOPA and usually does not progress to severe disabil- 
ity. 

It is not possible to distinguish between PD and other disorders with parkin- 
sonian symptoms on the basis of FDOPA studies alone, because many of these 
disorders are associated with some degree of decreased FDOPA uptake [272]. The 
distinction is much better if imaging for indicators of postsynaptic receptors and 



38 Chapter 2 • Clinical Studies 




0 

01 

4-J 

£ E 
o 3 

U) TO 

(Z t 



"D 

CD 

U 

D 

■o 

■CD 



g 

(0 

Q) 

_C 

■i g » 

co p — 

£ I E 

o) oj 55 

o Q- 

> f= o 



« c 
co 5 

Q} ^ 

s a 

C is 

S' « 

05 £ 

.E "o 

E £ 



c 

0> 

E 

c i5 

<D — 

S -§ 

ft 

O 



CO 

t- 

o 

Q. 

0 

o 

CD 

i— 

CM 

Q 



0 

CO 

1 E 

o 3 

03 TO 

CC 5 

^ CO 

O £ 



X 

0 

o 

u 

X) 

c 

03 



Progression of FDG, FD0PA, and RAC findings in Parkinson disease (PD) 





2.2 Movement Disorders 39 



neuronal function, such as n C-raclopride or FDG, is performed, because these 
scans are normal or even elevated in PD but abnormal in most other disorders [266]. 

Most of the initial studies with l8 F-FDOPA employed kinetic analysis of uptake 
curves with arterial blood samples, including correction for plasma metabolites 
(see section 4.9.2.3). These more complex studies show that simplified models 
using occipital cortex as a reference tissue region do not provide accurate esti- 
mates of AAAD activity, but discriminant analyses indicate that simple estimates, 
such as the striatum-to-occipital ratio or the graphically derived unidirectional 
transport rate constant Ki with tissue reference [293, 294], separate normals from 
PD patients at least as accurately as estimates of striatal AAAD activity based on 
plasma input function [295, 296]. 

Although FDOPA uptake in pallidum is low and difficult to measure accurately, 
a compensatory increase in the internal segment of pallidum was observed in PD 
[297]. FDOPA is also taken up by the pineal gland, and this uptake is even 
increased in PD, which may indicate compensatory up-regulation of monoamin- 
ergic transmitter systems outside the basal ganglia [298]. FDOPA uptake in mid- 
brain may be due not only to dopaminergic, but also to noradrenergic and sero- 
tonergic, cells [299, 300]. A study indicates that impairment of serotonin 5-HT lA 
receptors in midbrain raphe nuclei maybe associated with tremor in PD [301]. 



2.2.1 .3 Dopamine Release and Turnover 

There have been several studies indicating that the main mechanism of the 
dopaminergic deficit in PD is a failure in vesicular storage, resulting in a reduction 
of dopamine release. Displacement of n C-raclopride (RAC; see section 3.10.6) was 
used to show a decrease in dopamine release in the contralateral putamen during 
a unilateral foot extension/flexion movement [302] and during sequential finger 
movement [303]. Reduced putaminal dopamine release that is correlated with 
reduced FDOPA uptake is also seen in PD patients after metamphetamine chal- 
lenge, whereas frontal dopamine release appears to be intact [304]. In contrast to 
dopamine release, dopamine turnover may in fact be increased, as suggested by 
increased displacement of RAC after acute levodopa administration [305]. Further 
evidence for increased dopamine turnover comes from kinetic analysis of FDOPA 
data in MPTP-lesioned monkeys [306] and in patients with PD [307]. Changes in 
dopamine turnover may be related to age at onset [308]. FDOPA uptake indices 
may not be a sensitive means of detecting very early damage to the dopaminergic 
system, because they may be maintained at near-normal levels as a result of 
increased dopamine turnover [309]. 



2.2.1 .4 Dopamine Transporters 

Imaging of the dopamine transporter (DAT) (see section 3.10.2) provides another 
way of studying the function and integrity of dopaminergic neurons. Early stud- 
ies often used n C-nomifensine [310], which has relatively low affinity and selectiv- 
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ity for DAT but is still able to demonstrate reduced striatal binding in PD [311, 312] 
and in MSA [313]. With recently developed high-affinity tracers based on tropane 
derivatives, the observed reduction of DAT is usually more severe in PD and in 
MPTP-lesioned animals than the reduction of FDOPA accumulation [314, 315]. 
Thus, these tracers probably provide a more sensitive indicator of dopaminergic 
degeneration. In patients with early untreated PD, l8 F-2-p-carbomethoxy-3-(3- 
(4-fluorophenyl)tropane (CFT) uptake (average of ipsilateral and contralateral 
side) in the total putamen was lower by 66 % than the mean control value. In all PD 
patients studies, that was more than 3SD below the control mean [316]. Similar 
findings were observed with n C-WIN 35428 [317], n C-RTI-32 [318] and (z6)Br-FE- 
CBT, whereas in advanced PD, reductions were similar to those of FDOPA [319] . As 
in the case of FDOPA, the reduction of dopamine transporters is most severe in 
posterior putamen [320]. The DAT reduction in PD is in keeping with findings in 
monkeys lesioned chronically with MPTP [321]. Dopamine transporters are also 
reduced in the orbitofrontal cortex and in the amygdala, which may contribute to 
the mental and behavioral impairment observed in PD [322]. 



2.2.1 .5 Vesicular Monoamine Transporter 

Severe reductions in the vesicular monoamine transporter type 2 (VMAT2), which 
is also located presynaptically in dopaminergic neurons, are also seen in PD with 
n C-dihydrotetrabenazine (DTBZ) [323,324]. VMAT2 loss in PD is more severe than 
the reduction in FDOPA uptake, but less severe than the reduction in dopamine 
transporters [325]. Although its reduction is not specific for the dopaminergic sys- 
tem, VMAT2 binding may be less markedly influenced by dopaminergic and anti- 
cholinergic drugs than is the case for other tracers, and therefore it may be more 
easily used in treated patients. 



2.2.1 .6 Dopamine Receptors 

The binding capacity of striatal D2 receptors, as measured with RAC or with n C- 
or l8 F-labeled AT-methylspiperone (NMSP) (see section 3.10.5), is increased in PD. 
The increase is most pronounced in posterior putamen, where the dopamine 
deficit is most severe [285, 326]. This effect has also been seen with 6-hydroxy- 
dopamine lesioning of the substantia nigra pars compacta in a rat hemiparkin- 
sonian model, and saturation studies indicate that the 23% increase measured in 
RAC-binding potential reflects a change in receptor affinity [327]. A similar effect 
was seen in monkeys after dopamine depletion by reserpine [328] and after lesion- 
ing with MPTP [329]. 

With PD progression, striatal D2 receptors return to normal or even fall some- 
what below normal levels. Studies are difficult to perform and evaluate, however, 
because treatment with dopaminergic drugs may cause interaction with and com- 
petitive displacement of the tracer at the receptor [330], and patients with severe 
PD cannot usually be kept drug free for extended periods. 
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The binding capacity of Di receptors, measured with n C-SCH 23390, is also pre- 
served or even inversely related with FDOPA uptake and with DAT binding in the 
striatum in PD [331], whereas there is a parallel decline in normal controls. 



2.2.1 .7 Mesocortical Dopaminergic Innervation 

There is also significant dopaminergic innervation of the cerebral cortex, in par- 
ticular in the mesial frontal lobe, which probably is related mainly to cognitive 
rather than motor function. DAT binding is reduced there in early PD, whereas Di 
receptors remain intact [322, 333]. With parametric imaging and statistical map- 
ping, a bilateral decline of FDOPA accumulation is seen in the anterior cingulate 
area and ventral striatum and in the right caudate nucleus in patients with PD and 
dementia compared with PD patients without dementia [334]. Another study indi- 
cates that frontal monoaminergic activity is increased and that there is a sex dif- 
ference in the prefrontal monoaminergic system in early PD [335]. 



2.2.1 .8 Other Transmitters 

Concurrently with the reduction in striatal DATs, a significant reduction in sero- 
tonin transporters (SERT) is also observed. This is consistent with the notion that 
the degeneration of aminergic cells in midbrain is not strictly limited to the 
dopamine system in PD [336]. 

Changes in the cholinergic system are also of clinical interest in PD. An increase 
in muscarinergic receptor-binding capacity in frontal cortex has been reported 
[337> 338]. It may be the consequence of cholinergic denervation, which has been 
inferred from the reduction of AChE activity [138, 339, 340]. 



2.2.1 .9 Resting Glucose Metabolism 

In most patients with PD, glucose metabolism as measured with FDG is generally 
normal. There may be a tendency for it to be elevated in putamen [285] and 
reduced in mesial frontal cortex [341], but these minor alterations rarely reach sig- 
nificance [342]. High putamen CMRglc is usually accompanied by low FDOPA 
uptake [341], and both are associated with the frequently observed hemispheric 
asymmetry. Parkinson tremor is associated with increased CMRglc in a metabolic 
network comprising the thalamus, pons, and premotor cortical regions [343]. The 
cerebellum also shows a tendency towards higher metabolism, which seems to be 
more closely correlated with akinesia and rigidity than with tremor [291]. 

With advancing PD, hypometabolism very similar to that seen in AD in frontal 
and temporo-parieto-occipital association cortices may develop. It is more fre- 
quently seen in patients who have already developed autonomic failure [344]. In 
contrast to AD, the reduction of CMRglc in association cortex is not generally 
associated with dementia or other cognitive impairment [111, 343-348]. Hemi- 
spheric asymmetry corresponds with asymmetry of putaminal FDOPA uptake 
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and associated motor symptoms [349]. Metabolic deficits tend to be more severe 
and more focused in temporoparietal cortex in demented patients [350]. There is 
relatively little correlation with cognitive functions in nondemented patients [288, 
351]. The only correlation that has been demonstrated is an association of parieto- 
occipital hypometabolism with mild impairment of memory and associative 
visual processing [352]. Impaired CMRglc in temporo-parieto-occipital associa- 
tion cortex in PD may be related to the occurrence of hallucinations and psy- 
chosis. 



2.2.1 .10 Activation Studies 

Patients with PD usually show decreased activation of contralateral putamen, 
SMA, and motor cortex in motor tasks [353, 354], which can be partially reversed 
by dopaminergic drugs [355]. There is also a relative reduction in dorsolateral and 
mesial frontal activation during imagined movement [356, 357] . Nonetheless, there 
are also brain areas that may show increased activation in PD. Sequential finger 
movements in PD are associated with reduced activation in the mesial frontal and 
prefrontal areas, but increased activation in the lateral premotor and inferolateral 
parietal regions, suggesting a switch from the use of striatomesial frontal to pari- 
etal-lateral premotor circuits [358]. Cerebellar overactivation has also been 
reported [359]. Complex sequential finger movements may lead to more extensive 
recruitment of cortical regions to compensate for the dopaminergic striatal deficit 
[360]. Abnormally high activation is also found in ipsilateral cortex during motor 
tasks [336, 361]. Multiple parameters, such as voluntary or paced movement, 
rewards offered, and cognitive demands, may influence the results of such activa- 
tion studies, as reviewed in more detail by Brooks [362]. 

Activation studies may also contribute to better understanding of the cognitive 
impairment associated with PD, such as bradyphrenia, memory deficits, and diffi- 
culty in decision making. The latter has been related to impaired frontal activation 
in PD [363]. 



2.2.1.11 Familial PD 

The etiology and pathophysiology of PD may be elucidated by comparison with 
familial PD with known mutations. A substantial role for inheritance was also sug- 
gested for sporadic PD by a FDOPA study of twins, one of whom had the disease 

[364] . A higher concordance for subclinical striatal dopaminergic dysfunction was 
found in monozygotic than in dizygotic twin pairs (55% vs 18%, respectively) 

[365] . Mild parkinsonian symptoms, such as isolated resting tremor, are frequently 
found in otherwise asymptomatic relatives with abnormal FDOPA uptake [366]. A 
rapidly increasing number of mutations are being found in the a -synuclein and 
parkin genes. Occasionally, however, mutations in other genes, such as the SCA3 
gene, may also lead to symptomatic DOPA- responsive parkinsonism [274]. PET 
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studies to elucidate the metabolic phenotype of these genetic disorders with 
parkinsonism are only just beginning. 

Familial forms of the disease tend to involve less pronounced asymmetry and 
less steep anterior-posterior gradients than PD, but otherwise similar reductions 
of FDOPA uptake. Bilateral presynaptic dopaminergic dysfunction without 
marked lateralization on l8 F-FDOPA PET has been seen in a Chinese family [367]. 
Patients with mutations in the parkin gene show reduced FDOPA uptake similar 
to those seen in PD, but also have reduced receptor-binding capacity, which is a 
point of difference from PD [368] (Fig. 2.16). Clinically affected familial PD 
patients with a mutation at the PARK6 locus on chromosome 1 have posterior dor- 
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sal putamen FDOPA uptake reduced by 85%, similar to idiopathic PD patients 
matched for clinical disease severity and duration. However, they show signifi- 
cantly greater involvement of the head of the caudate and anterior putamen, sug- 
gesting that PARK6 pathology results in a more uniform loss of striatal dopamine 
terminal function than does PD [369]. 



2.2.1 .1 2 Disease Progression 

Disease progression in PD has been measured quantitatively by serial FDOPA 
studies. Putaminal FDOPA uptake declines annually by 4-5% relative to normal 
values [370], which corresponds to an annual reduction of 8-10% relative to base- 
line values in patients [284] and is significantly greater than the normal age- 
related decline [371]. The annual rate of decline is even higher for DATs. It is 
approximately 13% (relative to baseline) measured with l8 F-CFT [372]. Over the 
course of the disease, functional impairment of remaining neurons appears to 
proceed at a constant rate [373]. FDOPA was used in a study demonstrating that 
the dopamine agonist ropinirole may slow disease progression more than l-DOPA 
treatment [374]. 

The longitudinal studies give some insight into the presymptomatic duration of 
the disease by back-extrapolation. On the assumption that the constant progres- 
sion rate seen during symptomatic disease is also present in asymptomatic dis- 
ease, the preclinical phase is estimated to be no longer than 4~7years [370, 375]. 
Subclinical impairment and progressive loss of dopaminergic function has also 
been observed in asymptomatic monozygotic twins of patients with sporadic PD, 
suggesting that there is also a strong genetic component in sporadic disease [364, 
365]. On the other hand, progressive loss of dopaminergic function is also 
observed in drug abusers after transient exposure to MPTP, suggesting that a tran- 
sient exogenous insult can trigger progressive disease [376]. 

With disease progression, there is also a decline of D2 receptor-binding capac- 
ity from its initially increased level. In a longitudinal study with RAC, binding was 
significantly lower in putamen and caudate nucleus after 3-5 years than when ini- 
tially evaluated in a drug-naive state. Values were now in the control range in the 
putamen and lowered in the caudate nucleus [377]. There is also a substantial 
decline of cortical dopamine (D2/D3) receptors measured with n C-FLB 457 during 
disease progression, particularly in dorsolateral prefrontal and anterior cingulate 
cortex and in thalamus [378]. This loss of receptor-binding capacity may partially 
explain the reduced response to dopaminergic therapy in long-standing PD. It 
is not yet known whether these changes are induced by chronic dopaminergic 
therapy or occur independently of treatment, as a result of structural adaptation 
of the postsynaptic dopaminergic system to the progressive decline of nigros- 
triatal neurons. 
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2.2.1 .1 3 Depression in PD 

PD is frequently associated with depression, which may be due to impairment not 
only of dopamine but also of noradrenaline and serotonin synthesis. As in depres- 
sion without PD (see section 2.7.1), this is associated with prefrontal and caudate 
hypometabolism [352,379]. 



2.2.1.14 Improving and Understanding Treatment Effects 

2.2.1.14.1 Drug Effects 

The principal action of DOPA treatment is well studied and understood, but after 
several years DOPA treatment becomes less effective and side effects increase. This 
appears to be related to increased synaptic dopamine turnover [305, 380]. PD 
patients who suffer from levodopa-induced dyskinesias show less activation in left 
sensorimotor and left ventrolateral prefrontal cortex during a motor task than 
drug-naive patients and controls. This suggests that long-term levodopa treat- 
ment and disease severity affect the physiology of brain regions that depend on 
dopaminergic pathways [381]. 

Inhibition of catechol- O-methyl transferase (COMT) is used with the goal of 
achieving steadier brain DOPA levels [382]. FDOPA studies have indicated that 
peripheral COMT inhibition by entacapone mainly leads to increased FDOPA 
plasma levels and thus increasing its availability in the brain for decarboxylation 
[383, 384]. Central COMT inhibition has been demonstrated with FDOPA for tol- 
capone in experimental animals [385] and in patients [386]. 

Amantadine is moderately effective in PD, but the mechanism is not known. 
A PET study with RAC demonstrates that treatment increases the binding poten- 
tial of D2 receptors [387] . In an FDOPA study, stimulation of DDC activity in stria- 
tum of healthy human brain was seen after amantadine in normal volunteers 
[388]. 

2.2.1.14.2 Surgical Lesioning 

When drug treatment fails in PD, surgical intervention may be considered to 
improve symptoms. The theoretical framework for these interventions has largely 
been based on anatomical, electrophysiological, and animal studies, but the data 
on alteration of functional circuits in patients are limited and therefore substan- 
tial insight is expected from PET studies. 

An FDG study of subthalamotomy indicates that it reduces basal ganglia output 
through internal globus pallidus/substantia nigra pars reticularis and also in- 
fluences downstream neural activity in the pons and ventral thalamus [389]. 
Thalamotomy results in a reduction of FDG uptake predominantly in the lateral 
prefrontal and parietal cortex [390]. Thalamotomy relieves tremor but leads to 
decreased activation of the left sensorimotor cortex, lateral premotor cortex, and 
parietal area 7 on hand movement [391]. A case report indicates that a preopera- 
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tive reduction of resting CBF and CMR 0 2 in parietal cortex may normalize after 
thalamotomy [392]. 

Clinical outcome following pallidotomy suggests that patients with high pre- 
operative CMRglc in this structure benefit most from this procedure [393]. Post- 
operatively, significant metabolic increases are noted in the primary motor cortex, 
lateral premotor cortex, and dorsolateral prefrontal cortex. Improvement in 
contralateral limb motor performance correlates significantly with decline in 
thalamic and increase in lateral frontal metabolism. These results suggest that 
pallidotomy reduces the preoperative overactivity of the inhibitory pallidothala- 
mic projection [394]. Pallidotomy has also been associated with increased activa- 
tion of premotor areas (supplementary motor area and dorsolateral prefrontal 
cortex) and reduced hyperactivity of the lentiform nucleus (augmented preoper- 
atively) [395, 396]. There is also normalization of increased striatal D2-receptor 
binding potential after pallidotomy [397]. Nonetheless, there have also been 
observations of changes in personality, behavior, and executive and motor func- 
tions after pallidotomy [398], which require further study and argue for the use of 
nonlesional techniques, as described in the next section. 

2.2.1.14.3 Deep Brain Stimulation 

Surgical lesioning always involves a substantial risk of severe side effects, as pare- 
sis or cognitive impairment may be induced. Thus, the development of deep brain 
stimulation (DBS) to replace lesioning has dramatically improved the treatment 
options in advanced PD. However, the treatment is very expensive, and it is not 
effective in multiple-system atrophy or in some other diseases that can cause 
parkinsonism. Thus, PET may be used for ascertainment of diagnosis and, as with 
the lesioning techniques, to study the physiological effects of DBS. 

The subthalamic nucleus (STN) is a target area in severe PD, primarily for the 
relief of akinesia and rigidity in the off-phases. In addition, STN DBS usually 
allows substantial lowering of DOPA dosage and there has been indirect evidence 
of increased striatal dopamine metabolism in experimental animals [399], but this 
has not been confirmed with RAC in human PD [400]. CBF measurements during 
motor activation show more activation of the anterior cingulate, rostral supple- 
mentary motor area, and premotor cortex during STN stimulation [401], corre- 
sponding to clinical improvement [402]. Abnormalities of resting CMRglc in asso- 
ciation cortices are commonly found in advanced PD and may be reversed by DBS 
[403] (Fig. 2.17). 

For treatment of severe levodopa-induced dyskinesias and severe generalized 
dystonia, the internal part of globus pallidus (GPi) is a commonly used target of 
DBS. GPi DBS improves UPDRS motor ratings (36%, Pco.ooi) and significantly 
increases resting CMRglc in the premotor cortex ipsilateral to stimulation and in 
the cerebellum bilaterally [404]. Abnormalities of resting CMRglc in association 
cortices are commonly found in advanced PD and may be reversed by DBS [404]. 
A motor activation study revealed a significantly enhanced increase in CBF by DBS 
in the left sensorimotor cortex (BA 4), bilaterally in the supplementary motor area 
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Bilateral electrical stimulation of the subthalamic nucleus increases CMRglc in 
adjacent nuclei and in cortical association areas Q, but reduces abnormally high CMRglc in 
the upper part of the cerebellum [403] 



(BA 6), and in the right anterior cingulate cortex (BA 24/32) [405]. Another activa- 
tion study suggested that internal globus pallidus DBS may also improve sequence 
learning by enhancement of the activity of prefrontal cortico-striato-pallidothal- 
amic loops and related transcortical pathways [406]. The effect of GPi stimulation 
does not appear to be mediated by stimulation of the nigrostriatal dopaminergic 
pathway, and PET does not show evidence of increased striatal dopamine concen- 
tration with DBS in patients with PD [407]. In MPTP-lesioned monkeys an 
increase in CBF in ipsilateral premotor cortical areas during electrical GPi stimu- 
lation has been observed, which improved rigidity and bradykinesia. It suggests 
that disrupting the excessive inhibitory output of the basal ganglia reverses 
parkinsonism, via a thalamic relay, by activation of brain areas involved in the ini- 
tiation of movement [408]. 
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2.2.1.14.4 Gene Therapy 

There could be a potential role for gene therapy in PD, to prenote recovery of lost 
neurons or at least transmitter function. To gauge the efficacy of such approaches, 
gene transfer and expression of key enzymes can be measured with PET. In a pri- 
mate model of PD, lentiviral vector delivery of glial cell line-derived neurotrophic 
factor (GDNF) increased FDOPA uptake on the side of GDNF expression relative 
to preoperative levels [409]. Expression of AAAD after convection-enhanced 
delivery of AAV vector was demonstrated in monkeys with MPTP- induced parkin- 
sonism using 6- l8 F-fluoro-l-m-tyrosine [410]. 

2.2.1.14.5 Cell Transplantation 

FDOPA-PET in MPTP-treated monkeys demonstrates that behavioral improve- 
ment after intrastriatal implantation of polymer encapsulated PC-12 cells is at 
least in part due to their highly specific uptake and metabolism of dopamine pre- 
cursors [411]. In clinical studies, survival of fetal mesencephalic grafts [412-417] 
and fiber outgrowth from transplanted embryonic dopamine neurons is detected 
by an increase in FDOPA uptake [418]. FDOPA uptake in grafts is associated with 
clinical improvement [419]. In a case report, persistence of viability and clinical 
efficacy in spite of the underlying progressive disease was demonstrated over 
10 years [420]. Recovery of movement-related cortical function may take longer 
than restoration of dopaminergic innervation of striatum. Such recovery was 
observed in a motor activation study 18 months after striatal embryonic dopamin- 
ergic grafts, and more than 12 months after improvement of striatal FDOPA uptake 
[421]. In a study that compared DAT ligand binding and FDOPA uptake in the 
grafted putamen, there was an increase in FDOPA only. This finding suggests that 
the clinical benefit induced by the graft is related more to increased dopaminergic 
activity than to improved dopaminergic innervation in the host striatum [422]. 

Re-establishment of normal FDOPA uptake and catecholamine reuptake sites 
(imaged by n C-NS-22i4) was observed in MPTP-lesioned minipigs after intrastri- 
atal grafts of mesencephalic neurons from fetal pigs [423]. In rats, a correlation 
between symptomatic efficacy of grafting with non-DA cells from dorsal mesen- 
cephalon and the degree of n C-CFT binding was found [424]. 

Direct brain infusion of glial cell line-derived neurotrophic factor in PD led to 
a 28% increase in putamen FDOPA storage after 18 months, corresponding to a 
39 % improvement in the off-medication motor subscore on the Unified Parkin- 
son’s Disease Rating Scale and a 61 % improvement in the Activities of Daily Liv- 
ing subscore. 



2.2.2 Multiple System Atrophy 

Clinical signs of MSA are combinations of autonomic failure/urinary dysfunction, 
parkinsonism and cerebellar ataxia, and corticospinal dysfunction [262]. Hypoki- 
netic parkinsonian symptoms are often unresponsive to l-DOPA. Clinical sub- 
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types are striatonigral degeneration (SND, mainly parkinsonism without tremor, 
also known as MSA-P), olivo-ponto-cerebellar atrophy (OPCA, mainly with ataxia 
and corticospinal dysfunction, also known as MSA-C), and Shy-Drager syndrome 
(mostly with autonomic failure). Yet, as mentioned before, clinical features of MSA 
may also occasionally be present in PD. Frequent atypical presentations of PD are 
observed in patients of African-Caribbean and Indian origin [425]. A definitive 
diagnosis of MSA is possible only by histopathology, where glial cytoplasmatic 
inclusion bodies are characteristic. In vivo identification of the location and type 
of the pathophysiological disorder responsible is therefore of considerable scien- 
tific and clinical interest in these patients. 

The distinction between PD and MSA with PET rests mainly on the fact that in 
PD there is a presynaptic dopaminergic deficit in the striatum but the glucose 
metabolism of striatal neurons is intact and their dopamine receptors are even up- 
regulated, at least in the early stage of the disease. In contrast, both pre- and post- 
synaptic neurons of the dopaminergic system are impaired in MSA. These princi- 
pal findings [426] have been replicated in many studies, but there is some overlap 
owing to reduced caudate (and sometimes also putaminal) glucose metabolism 
and D2 receptor binding, especially in advanced PD [267] and in the increasingly 
frequently recognized cases of PD with parkin mutations. 

In contrast to PD, where there is little correlation between symptoms and CMR- 
glc, there is a clear correspondence between predominant symptoms and reduc- 
tion of local CMRglc in MSA. Correlations have been found between (1) severity of 
parkinsonism and metabolic values of putamen and caudate; (2) severity of cere- 
bellar signs and metabolism in the cerebellum; and (3) autonomic dysfunction 
and metabolic activity in the thalamus, frontal, and temporal regions, bilaterally 

[427] . 

The binding potential of benzodiazepine receptors is generally preserved in 
MSA in spite of atrophy and local reductions of CBF and glucose metabolism 

[428] . Binding of n C-diprenorphin to opiate receptors is slightly reduced in spo- 
radic OPCA with autonomic failure [429]. 



2.2.2. 1 Olivo-ponto-cerebellar Atrophy 

OPCA is a mostly sporadic disease of old age without any known genetic cause. 
Dominantly inherited forms (dOPCA) actually most probably reflect spinocere- 
bellar atrophy (SCA, see section 2.2.6.1), but were not recognized as such until the 
mid-1990s when current molecular examinations became available. Thus, the 
older PET studies do not use the current classification and therefore cannot con- 
tribute to the clarification of the relation between PET and molecular findings. At 
the beginning of the disease, cerebellar symptoms may be the only clinical abnor- 
mality, and it is not clear what proportion of patients will actually progress to the 
full clinical (and neuropathological) manifestation of MSA or will have symptoms 
restricted to cerebellar atrophy and dysfunction even during progression (Marie’s 
disease). 
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The main finding observed with FDG-PET in OPCA is cerebellar and brain 
stem hypometabolism [427, 430, 431]. Hypometabolism may also involve frontal 
and temporal cortices, caudate, putamen, and thalamus [267, 431]. Brain stem and 
cerebellar hypometabolism appears to be present at an early stage of OPCA and to 
correlate with ataxia [432] and dysarthria [433], whereas thalamic and cortical 
metabolic impairment are common in patients with the full clinical picture of 
MSA including cognitive impairment [434] (Fig. 2.18). CBF and CMR 0 2 are also 
reduced in brain stem and cerebellum in OPCA [435] . Metabolic impairment is not 
limited to the resting state, activated CMRglc in the pyramid of the vermis during 
treadmill walking is also reduced [436]. There is variably reduced FDOPA uptake 
in OPCA, usually involving caudate and putamen to similar degrees, whereas in 
PD the dorsal parts of the putamen are most affected [437]. 

The caudate and putamen contain a high density of opioidergic neurons and 
receptors, which can be imaged with n C-diprenorphine and have a close anatom- 
ical and physiological relationship with the dopaminergic system. There is a mild 
10-15% reduction of striatal diprenorphine binding in OPCA [429]. 



2.2.2. 2 Striatonigral Degeneration 

Patients with the SND type of MCA have decreased CMRglc in the pallidum-puta- 
men complex [427, 438-440], which clearly distinguishes the disease from PD and 
corresponds clinically to a lack of response to DOPA medication [441]. In contrast 
to OPCA, there is a relative sparing of the brain stem and cerebellar glucose 
metabolism [442]. 

There is a severe reduction in the density of striatal presynaptic monoaminer- 
gic terminals measured with n C-dihydrotetrabenazine, which is more pronounced 
than in OPCA and MSA patients with mainly cerebellar dysfunction [443]. Rela- 
tively small reductions in D2-receptor binding (approx. 10%) are noted in SND, 
which do not allow differentiation from advanced PD [444]. Significant reduction 
of Di receptors is observed, mostly in posterior putamen (by approx. 30 %), in con- 
trast to their preservation in PD [445]. 

Striatal opioid receptor binding in PD, SND, and PSP was studied with n C- 
diprenorphine. Binding was normal in PD. Mean putamen, but not caudate, opioid 
receptor binding was significantly reduced in the SND group. In contrast, both 
caudate and putamen opioid receptor binding were significantly reduced in PSP 
[446]. 

2.2.2 .3 Shy-Drager Syndrome 

This clinical syndrome is a poorly characterized subtype of MSA with predomi- 
nant autonomic failure. It should be distinguished from purely autonomic failure 
(also called idiopathic orthostatic hypotension), in which no neurological deficits 
other than autonomic dysfunction are present. Since autonomic failure is an 
essential symptom in all types of MSA, it has been suggested that separation of 
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this subtype be entirely abandoned [262, 447]. As in other types of MSA, there is 
some reduction of striatal FDOPA uptake, at least in more severe disease with clin- 
ical signs of parkinsonism [442, 448] 

A study of CBF regulation in Shy-Drager syndrome found that owing to the 
failure of autonomic vessel innervation, CBF depended on body position and 



Pontine and cerebellar reduction of CMRglc in olivo-ponto-cerebellar atrophy (OPCA) 
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passively followed blood pressure. An increase in PC 0 2 , however, still increased 
CBF, indicating intact metabolic regulation of CBF [449] . Increased cardiac uptake 
of 6- l8 F-fluorodopamine in Shy-Drager syndrome indicated intact sympathetic 
terminals and absent nerve traffic, whereas other types of dysautonomia (with 
and without PD) were characterized by a loss of myocardial sympathetic nerve 
terminals [450]. 



2.2.3 Other Neurodegene rati ve Disorders 

2.2.3. 1 Progressive Supranuclear Palsy 

PSP, also known as Steele-Richardson-Olszewski syndrome, is a mostly sporadic 
neurodegenerative disease with vertical gaze paresis (due to a supranuclear disor- 
der in midbrain that gives the name to the disease), a parkinsonian movement and 
gait disorder with frequent and severe falls, apathy, and cognitive impairment. 
Neuropathologically it is characterized by tau deposits similar to those in FTD but 
mainly located in midbrain. 

In PSP, CMRglc is reduced in prefrontal association cortex, most markedly in its 
mesial part, including anterior cingulate and orbitofrontal cortex, and in midbrain 
[210, 212, 451-457]. CMRglc may also be reduced in striatum and thalamus. The 
abnormality in midbrain is difficult to recognize on visual evaluation of FDG-PET 
images, because normal midbrain metabolism is lower than in cerebral cortex and 
basal ganglia. Therefore, quantitative image analysis is recommended for detec- 
tion of this feature that distinguishes PSP from other disorders with frontal and 
striatal metabolic abnormalities [458] (Fig. 2.19). 

Reduction of FDOPA uptake is relatively mild and may be absent in early PSP, 
suggesting that parkinsonism in PSP may relate to dysfunction distal to the 
dopaminergic neurons [272, 459-461]. Dopamine reuptake sites are also reduced, 
but the reduction is milder than in PD and there is no anterior-posterior gradient 
of striatal impairment [320, 437]. Reduction of the caudate dopaminergic innerva- 
tion similar to that in the putamen is also noted and may contribute to frontal cor- 
tex dysfunction and apathy [462]. There is also a reduction of D2-receptor-bind- 
ing capacity [463], which is even more pronounced in caudate (24%) than in 
putamen (9%) [444]. Opioid receptor binding is reduced in most patients in cau- 
date and putamen, whereas such reductions are less frequently seen in SND and 
are absent in PD [446]. 

There is a reduction of thalamic AChE activity in PSP that is not seen in PD, but 
cortical AChE activity is largely preserved [339]. A frontal increase in muscariner- 
gic binding such as is seen in PD is not present in PSP [338]. CMRglc was not 
altered by AChE inhibition with physostigmine [464]. Similar to CMRglc, cortical 
and striatal oxygen metabolism is reduced in PSP [465]* but frontal accentuation 
of cortical impairment may not always be evident [466]. 

In rare cases PSP occurs as a familial disease. In the families affected, asympto- 
matic subjects at risk may show the typical changes with FDOPA- and FDG-PET 
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Mild gait disorder, 
no definitive 
clinical diagnosis 




7 years later 
supranuclear palsy, 
severe falls, 
parkinsonism 



CMRGIc deviation 

from normal 



Fig. 2.1 9. FDG-PET (fusion display with coregistered MRI) in progressive supranuclear palsy 
(PSP): 7-year follow-up of a patient who initially presented with mild unspecific symptoms but 
already had the typical PET findings ( top row) with metabolic abnormalities in midbrain, basal 
ganglia, and frontal cortex (areas marked by red color on the right-hand image, which demon- 
strates the deviation from normal average). At follow-up he had the typical clinical symptoms 
and progression of the metabolic deficits ( bottom row) 



[467]. Occasionally, a clinical presentation and FDG-PET findings typical for PSP 
may be caused by other neuropathological processes, such as progressive subcor- 
tical gliosis [468]. 



2.23.2 Corticobasal Degeneration 

Caudate FDOPA uptake in corticobasal degeneration (CBD) patients is lower con- 
tralateral to the clinical signs than in controls, but is higher than in PD of compa- 
rable clinical severity [469-471]. With FDG, CBD differs from PD by a metabolic 
decrease in premotor, primary motor, supplementary motor, primary sensory, and 
parietal associative cortices, and in caudate and thalamus [469, 471-473] 
(Fig. 2.20). Cortical and thalamic oxygen metabolism is also reduced [470]. There 
is usually prominent hemispheric asymmetry, with metabolic decreases on the 




60.0 
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side contralateral to the clinical signs [474]. The asymmetry could possibly be 
used to differentiate CBD from PSP, which is much more symmetrical with frontal 
accentuation of the metabolic abnormality [475]. 



FDG-PET in corticobasal degeneration (CBD), demonstrating typical unilateral decrease of parietal cortex and basal 
ganglia metabolism 
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2.2.33 Disorders with Abnormal Deposition of Metals 

Hallervorden-Spatz syndrome is associated with abnormal deposits of iron, 
mainly in pallidum, that is visible on MRI and may be due to mutations in the gene 
encoding pantothenate kinase 2 ( PANK2 ) [476]. FDOPA-PET maybe normal, but 
CBF and CMRglc may be reduced in caudate nucleus, pons, and cerebellar vermis 

[477] - Cortical hypometabolism associated with dementia may also be present 

[ 478 ] . 

Wilson’s disease leads to abnormal deposition of copper in the basal ganglia, 
which produces signal alterations on MRI and variable findings with pre- and 
postsynaptic dopaminergic PET markers [479-481]. CMRglc is reduced in puta- 
men and in more severe cases also in thalamus and cortex [482, 483]. Dopamine- 
receptor-binding capacity and CMRglc may recover after successful treatment 
with D-penicillamine [484-487]. 



2.23.4 Parkinsonism Attributable to Toxic and Inflammatory Brain Damage 

Since most cases of PD are sporadic, there is an ongoing search for possible envi- 
ronmental agents that might cause dopaminergic degeneration. A few toxins, such 
as manganese and MPTP, have been identified, but none is likely to be responsible 
for a large number of clinical cases. There has been some hope that functional 
neuroimaging might make it possible to detect sporadic subclinical cases or even 
identify a pattern of neuronal damage that would allow identification of causative 
agents [488], but findings reported so far do not allow such conclusions [489, 490]. 

Carbon monoxide intoxication, if survived, often leads to basal ganglia damage 
with symptomatic parkinsonism. In one case, the lesion was located in the pal- 
lidum, with intact and up-regulated dopamine striatal receptors [491]. Cyanide 
intoxication is rarely survived and can lead to pre- and postsynaptic striatal 
lesions [492]. 

Exposure to large doses of solvents may induce encephalopathy with parkin- 
sonian symptoms. A few patients underwent investigation of dopaminergic func- 
tions with PET. Highly variable defects of pre- and postsynaptic systems were 
found, with some overlap but no exact correspondence with the typical pattern of 
PD [493-495]. In three subjects with solvent abuse and parkinsonism, normal 
FDOPA uptake and reduced raclopride binding were observed [496]. 

Manganese exposure can cause parkinsonian symptoms, and the primary site 
of neurological damage has been shown by pathological studies to be the globus 
pallidus [497]. Consistent with this observation, normal FDOPA uptake has been 
found in most patients studied so far who have had symptoms after exposure to 
manganese [498, 499], whereas striatal CMRglc and D2 receptor binding were 
moderately reduced. In an experimental study in monkeys, the most marked effect 
of chronic manganese intoxication was a severe reduction of dopamine trans- 
porter capacity [500]. 



56 Chapter 2 • Clinical Studies 



Postencephalitic parkinsonism is a rare disorder today, and few patients have 
been studied with PET [501-503]. In all cases, a severe reduction of striatal FDOPA 
uptake was seen, affecting the putamen somewhat more than the caudate nucleus. 
Striatal CMRglc was normal or even elevated. 

2.23.5 Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects pri- 
marily upper and lower motor neurons and leads to severe weakness, disability 
and death. As a correlate to upper motor neuron degeneration, a reduction of CBF 
and energy metabolism is present in the primary sensorimotor cortex [504] and 
may extend to other cortical areas, putamen and cerebellum with progression of 
disease [505-507]. During motor activation, increased recruitment of nonprimary 
motor areas is observed, which may represent functional adaptation to a corti- 
cospinal tract lesion. In contrast, there is impaired activation of the medial pre- 
frontal cortex and parahippocampal gyrus [508]. 

ALS is usually not associated with parkinsonian symptoms, although combina- 
tions have occasionally been found, predominantly on some Pacific islands. Sub- 
clinical nigrostriatal dopaminergic dysfunction has been demonstrated with 
FDOPA in some ALS patients due to copper/zinc superoxide dismutase mutations 

[509]. 



2.23.6 Other Rare Disorders 

CMRglc is decreased in the cerebellum and brain stem, and FDOPA uptake is vari- 
able, in hereditary dentato-rubro-pallido-luysian atrophy [510], which is a genetic 
disorder with polyglutamine expansion in the gene for atrophin-i that manifests 
itself with symptoms similar to those of MSA. Reduced striatal FDOPA uptake was 
also found in autosomal dominant parkinsonism and dementia with pallido- 
ponto-nigral degeneration [511]. 

Rapid-onset dystonia-parkinsonism is a genetic movement disorder character- 
ized by an abrupt onset over hours to days of bradykinesia, postural instability, 
dysphagia, dysarthria, and severe dystonic spasms. In contrast to PD, in this con- 
dition PET does not show evidence of presynaptic dopaminergic impairment 
[512]. 

2.2.4 Hyperkinetic Syndromes 

2.2.4.1 Huntington's Chorea (Huntington Disease) 

Huntington disease (HD) is an autosomal dominant disorder with complete pen- 
etrance, which leads to severe hyperkinesias, disability, dementia, and death. It is 
associated with a severe and early reduction of CMRglc beginning in the caudate 
nucleus and rapidly also affecting the putamen. In the later stages, when demen- 
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tia develops, hypometabolism also extends to thalamus and cerebral cortex 
[513-521] (Fig. 2.21). Thalamic hypometabolism is also noted as an early feature in 
the rigid juvenile form of HD [523], and it correlates with dystonia in adults [519]. 
Significantly reduced caudate CMRglc is observed in asymptomatic gene carriers 
[524-528], preceding the development of atrophy. Some researchers have noted 
subtle clinical abnormalities in subjects classified as at risk, with reduced caudate 
CMRglc [529]. With the development of reliable methods to detect the pathogenic 
trinucleotide expansion in the Huntington gene on chromosome 4, however, inter- 
est in the use of PET for presymptomatic diagnosis has waned. 
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In keeping with the caudate atrophy and dysfunction, there is also impaired 
activation of frontal cortex in activation studies [530]. 

HD is associated with a striatal reduction of Di and D2 receptors and of DAT 
[531-536]. PET results support the notion that the HD disease process is a function 
of trinucleotide length and age and that the development of clinical signs and 
symptoms is associated with CAG repeat lengths greater than 35.5 [337]. Both stri- 
atal Di and D2 dopamine receptors are lost in parallel from both caudate and puta- 
men in presymptomatic HD. Thus, dopamine receptor binding provides a sensi- 
tive means of detecting subclinical striatal dysfunction [538]. D2 receptor binding 
and glucose metabolism in the caudate nucleus appear to be correlated with some 
cognitive tests [539,540]. 

There is also a reduction of u C-diprenorphine binding to striatal opioid recep- 
tors in HD [541] . Furthermore, reduced striatal VMAT2 binding is observed in HD, 
which is most severe in patients with muscular rigidity, suggesting additional 
nigrostriatal pathology similar to that of PD in these patients [542]. Benzodi- 
azepine receptors, which are present in the striatum only in a low density, are 
reduced in caudate even in the early stages of the disease [543], but the decline 
does not parallel loss of D2 receptors [544]. 

So far no effective standard treatment is available for HD. There have been 
experimental trials with intrastriatal transplantation of fetal striatal neuroblasts, 
which have been shown by FDG-PET to be viable after one year [545]. PET studies 
have also been used to characterize longitudinal in vivo alterations in the devel- 
opment of animal models of HD [546-548] to facilitate drug studies. 



2.2.4.2 Other Choreic Disorders 

Other choreic diseases may be associated with striatal hypermetabolism instead of 
hypometabolism. This has been seen as a reversible finding in Sydenham’s chorea 
[549] and in chorea associated with primary antiphospholipid syndrome [550], 
but not in some cases with chorea due to systemic lupus erythematosus [551]. On 
the other hand, hypoperfusion and hypometabolism in the striatum and other 
cerebral regions, more moderate than are seen in HD but otherwise similar, were 
observed in chorea-acanthocytosis [552, 553]. Benign hereditary chorea is associ- 
ated with normal or moderately reduced striatal glucose consumption [554, 555]. 



2. 2.4. 3 Restless Legs Syndrome 

Mildly reduced FDOPA uptake and reduced D2 receptor binding capacity in cau- 
date and putamen are seen in the restless legs syndrome [556]. 
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2.2.4.4 Essential and Orthostatic Tremor 

This is a relatively benign, often familial, disease, which rarely leads to severe dis- 
ability. Integrity of the dopaminergic system has been demonstrated with FDOPA 
uptake and D2 receptors [292] and also of DAT with l8 F-FE-CIT [292]. FDG has 
revealed mild glucose hypermetabolism in the medulla and thalami,but not in the 
cerebellar cortex [557]. 

The neurophysiology of essential tremor has been explored in ^O-water stud- 
ies. Increased bilateral cerebellar activity was described both at rest and during 
tremor [558], and a similar finding was observed in orthostatic tremor [559]. Fur- 
ther analysis has revealed involvement of connections of the red nucleus in essen- 
tial tremor [560] . The tremor can be suppressed in many patients by alcohol inges- 
tion. It has been demonstrated that this effect is probably mediated via a reduction 
of cerebellar synaptic overactivity [561]. Beneficial effects of stimulation of the 
thalamic nucleus ventralis intermedius in essential tremor are associated with 
increased activity in motor cortex and decreases in retroinsular regional CBF 
[562]. Variation of stimulation amplitude and frequency appears to exert a differ- 
ential modulation of subcortical target and cortex during DBS [563]. 



2. 2.4. 5 Tourette Syndrome 

In an FDG study, Tourette syndrome patients were characterized by decreased 
normalized metabolic rates in paralimbic and ventral prefrontal cortices and in 
some subcortical regions, including the ventral striatum [564]. Symptoms were 
associated with significant increases in metabolic activity in the orbitofrontal cor- 
tices [365]. In a study of metabolic covariations, Tourette syndrome was charac- 
terized by a nonspecific pattern of increased motor cortical activity that is also 
present in other hyperkinetic disorders, and by a reduction in the activity of lim- 
bic basal ganglia- thalamocortical projection systems [566]. These data are consis- 
tent with the hypothesis that altered limbic-motor interactions are a pathophysi- 
ological hallmark of this disease [567]. 

No major abnormality of D2 receptors or monoaminergic vesicles was found 
with NMSP [568] or u C-dihydrotetrabenazine (DTBZ) [569]. Greater FDOPA 
uptake [370], elevated striatal DAT [571], and increased dopamine release in puta- 
men during pharmacological challenge are seen [572]. These results suggest that 
the underlying pathobiology in Tourette’s syndrome is a phasic dysfunction of 
dopamine transmission. 

In an activation study, aberrant activity in the interrelated sensorimotor, 
language, executive, and paralimbic circuits was identified. This may account 
for the initiation and execution of diverse motor and vocal behaviors that charac- 
terize tics in Tourette’s syndrome and for the urges that often accompany them 

[ 573 ]- 



60 Chapter 2 • Clinical Studies 



2.2.5 Dystonia and Related Disorders 

Dystonia is a disorder of muscle tone that are found in a heterogeneous group of 
diseases. Most are probably due to genetic disorders (e.g., DYTi to DYT 7) or sec- 
ondary to other neurodegenerative diseases, but in many apparently sporadic 
“idiopathic” cases no cause has yet been identified. Neck muscles are very often 
severely involved in dystonia, leading to a condition called torticollis. Other fre- 
quent manifestations are blepharospasm and spasmodic dysphonia. Dystonia can 
also be the result of brain lesions (e.g., stroke or tumor) and then usually manifests 
itself as hemidystonia. PET studies have mostly been performed with the goal of 
better understanding the pathophysiology of dystonia and perhaps, as a result, 
improving classification and therapy of this disabling disorder. 



2.2.5. 1 Idiopathic Dystonia and Torticollis 

Studies of blood flow, and glucose and oxygen metabolism in the resting state have 
not usually revealed large abnormalities. If present, abnormalities are most fre- 
quently observed in putamen or in thalamus, two brain structures well known for 
their physiological role in the extrapyramidal system. Increased CMRglc in puta- 
men has been found in several studies [574-577], in some instances with extension 
into pons and midbrain or thalamus. The abnormality was present even after 
symptoms had been ameliorated by therapy with botulinus toxin. It is also seen in 
asymptomatic carriers of a DYTi mutation [578] . In a few studies, however, normal 
or even reduced CMRglc was found in the putamen and related structures in dys- 
tonia [579, 580], but probably these studies included more adults and more sub- 
jects with hemidystonic manifestations of the disease. It is also difficult to define a 
resting examination state in dystonia, because usually dystonic movements are 
present during the scans to a variable degree and associated neuronal activation 
may influence the results. To complicate matters even further, there also has been 
a report of focal uncoupling of oxygen metabolism and blood flow in dystonia in 
putamen [581]. 

Functional activation studies tend to point towards imbalances in regional cor- 
tical activity, which may be a consequence of dysfunction in the basal nuclei. Dur- 
ing joystick movements, inappropriate overactivity of premotor and supplemen- 
tary motor cortex but impaired activity of motor executive areas was observed 
[582,583]. Reduction of frontal and motor cortex activity was observed under spe- 
cific sensory stimulation that ameliorated symptoms [584]. Widespread reduction 
of activation was seen during electrical stimulation of globus pallidus internus for 
treatment of dystonia symptoms [585]. Activation during imagined movements 
did not differ from that in normal controls, suggesting that movement planning is 
intact [586]. 

Impaired dopaminergic transmission in dystonia was suggested by a decrease 
in dopamine D2-like binding in putamen that was found with l8 F-spiperone [587]. 
Reduction of striatal D2 binding was seen even in asymptomatic carriers of a DYTi 
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mutation [588]. Nonetheless, no reduction of D2 receptors was found in another 
study of idiopathic dystonia [589] or in familial paroxysmal dystonic choreoa- 
thetosis [590]. Dopamine synthesis appears to be normal [591, 592] or increased in 
studies in a few patients [593]. Presynaptic markers have also been found to be 
intact in rapid-onset dystonia-parkinsonism [512]. Thus, PET studies currently do 
not allow firm conclusions with regard to dopaminergic dysfunction in these 
types of dystonia. 



2.2.5.2 DOPA-responsive Dystonia 

Molecular and biochemical studies indicate that most patients with DOPA- 
responsive dystonia (DRD, Segawa syndrome) have a defect of dopamine synthe- 
sis without degeneration of dopaminergic neurons. It may be due to impaired 
activity of tyrosine hydroxylase, which in turn may be caused by a defect in the 
gene for tetrahydrobiopterine, GTP cyclohydrolase I. In contrast, the activity of 
DOPA decarboxylase is normal. Correspondingly, normal FDOPA uptake was 
observed in DRD [392, 594-397]. However, an increased DTBZ-binding potential 
was seen in the striatum of DRD patients, which may indicate up-regulation of 
vesicular monoamine transporter type 2 (VMAT2) expression [598]. With RAC- 
PET, elevated striatal D2-receptor binding was seen in symptomatic and asympto- 
matic mutation carriers [599, 600], probably as a consequence of disturbed 
dopamine synthesis. 



2.2.53 Dystonia Attributable to Localized Lesions or Degeneration 

A lesion in the left substantia nigra and reduced FDOPA uptake in putamen were 
observed in a patient with hemiatrophy, juvenile-onset exertional alternating leg 
paresis, hypotonia, and hemidystonia and adult-onset hemiparkinsonism [601]. In 
another patient with hemidystonia-hemiatrophy, significant reductions in FDG 
uptake at the level of the basal ganglia and, to lesser extent, in the frontoparietal 
cortex contralateral to the clinically involved side were found but D2 receptors 
were normal [602]. Reduced striatal FDOPA uptake was seen in a group of patients 
with dystonia attributable to ischemic midbrain lesions involving the nigrostriatal 
pathway [603]. Reduced binding potential of dopamine transporters, suggesting a 
dopaminergic deficit, is also observed in Lesch-Nyhan disease, a genetic disorder 
that is characterized by hyperuricemia, choreoathetosis, dystonia, and compulsive 
self-injury [604]. 



2.2.6 Ataxia 

The classification of neurodegenerative ataxia has often been revised in recent 
decades. With the recent rapid progress in molecular genetics, the hereditary atax- 
ias are now usually classified according to the underlying mutations. The clinical 
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diagnosis is usually made on the basis of clinical investigation of family history 
and symptoms and exclusion of some disorders with systemic metabolic abnor- 
malities (such as hypolipoproteinemias, vitamin E deficiency, Lesch-Nyhan syn- 
drome, Refsum disease, aminoacidurias) by laboratory tests. The role of PET in the 
diagnosis is not yet well established and is limited by negative findings in some 
types of ataxia. 



2.2.6.1 Spinocerebellar Ataxia 

More than 20 different types of autosomal dominant spinocerebellar ataxias 
(SCA) have so far been identified. Some types have been found to affect only a few 
families with a restricted geographical origin, while others (e.g., types 1, 3, and 6) 
are more common; few cases have been studied with PET. Within genetic types, 
there may be substantial phenotypical variation. Since FDG-PET is closely linked 
to neuronal function, it might be expected to be more closely related to the symp- 
toms (phenotype) than to the genotype. SCA may be difficult to distinguish from 
multiple system atrophy (see section 2.2.2), and as yet PET data also do not provide 
a clear distinction. 

In members of one family with type 1 SCA, widespread glucose hypometabo- 
lism was found. The metabolic pattern and histopathological alterations (includ- 
ing glial cytoplasmic inclusions) were similar to those in sporadic MSA [605]. 
There was normal binding of benzodiazepine receptors, which is also a point of 
similarity to MSA. In other patients with SCAi, the reduced CMRglc was limited to 
brain stem and cerebellum [606]. 

In type 3, also known as Machado-Joseph disease, decreased FDG utilization 
was found in the cerebellar hemispheres, brain stem, and occipital cortex. There 
was increased FDG metabolism in the parietal and temporal cortices in even 
asymptomatic carriers of the gene, suggesting preclinical disease activity [607]. 
Symptomatic patients showed severe and widespread brain glucose hypometabo- 
lism and also a reduction in FDOPA uptake in putamen [608], which is similar to 
the picture in sporadic OPCA. The only difference in terms of FDOPA uptake may 
be relative sparing of the caudate, which is different from MSA, where the caudate 
nucleus is usually severely impaired. D2 receptors were found to be preserved in 
SCA3 [609]. Impaired FDOPA uptake associated with DOPA-responsive parkin- 
sonism has also been observed in SCA2 patients [610]. 

Widespread hypometabolism including cortical regions and basal ganglia as 
well as the cerebellar hemispheres and brain stem has been found in type 6, which 
is caused by an expanded CAG repeat sequence within the coding regions of the 
CACNL1A4 gene [213]. 
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2.2.6.2 Friedreich's Ataxia 

Friedreich’s ataxia is the most common autosomal recessive SCA and is caused by 
mutation of the frataxin gene on chromosome 9. It is a mitochondrial disorder, 
which explains why brain glucose metabolism (including that in the cerebellum) 
is increased in patients who are still ambulatory while it decreases later during fur- 
ther progression [611]. The highest local increase is seen in the basal ganglia, as in 
some other systemic metabolic disorders (see section 2.6.9). The cerebellum may 
appear less active metabolically by comparison. Thus, in this disease FDG-PET 
gives different results from those obtained in other ataxias, but absolute quantita- 
tion of CMRglc is required to interpret changes properly. 



2.2.6.3 Other Ataxias 

Widespread cerebral and cerebellar reduction of glucose metabolism is present 
not only in SCA, but also in other ataxias resulting from systemic and metabolic 
disorders, including paraneoplastic syndromes [612] and alcoholism [613]. 



2.3 Brain Tumors 

Brain tumors are major structural lesions, and their diagnosis and clinical man- 
agement are therefore dependent primarily on imaging with CT and MRI. These 
modalities are invaluable for delineating the anatomy and assessing the integrity 
of the BBB with contrast agents. It may be possible to improve clinical manage- 
ment, however, by using PET to provide physiological and biochemical informa- 
tion related to tumor metabolism, proliferation rate, and invasiveness. In addition, 
PET can demonstrate the interaction of a tumor with the surrounding and remote 
areas of the brain, including eloquent brain areas in which damage results in irre- 
versible loss of language and motor function. The connection between tumor and 
brain function is particularly critical in malignant gliomas, because of their inva- 
sive growth and the lack of truly curative therapies. In these cases, therapeutic 
interventions are essentially palliative, which means they must preserve or 
improve brain function, rather than sacrifice it for a treatment with limited effi- 
cacy. On the other hand, treatment should be as aggressive and effective as possi- 
ble, to restrict the degree of disability and prolong life. Therefore, treatment 
requires detailed information not only on tumor type, location, and extent, but 
also, ideally, on the functional status of the tumor and surrounding brain, which is 
information that can be provided by PET. 

Initial studies with specific PET radiopharmaceuticals were used to develop 
methods for their use in brain tumor and to determine their ability to demonstrate 
abnormalities in different tumor types, especially malignant glioma. Subsequent 
research then focused on the utility of particular radiopharmaceuticals in the clin- 
ical management of individual patients. The PET radiopharmaceutical most 
widely used to image brain tumors is FDG, which provides an assessment of local 
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glucose metabolism. FDG has clinical relevance because of the relationship 
between tracer uptake and the malignant behavior of tumors. A variety of radio- 
labeled amino acids have also been studied, and n C-methionine is in use clinically. 
Other promising but less well-established approaches include the use of tracers to 
image hypoxic brain tissue, methods to assess gene transfer and antiangiogenic 
therapy, and pharmacokinetic studies with radiolabeled chemotherapeutic 
agents. 

A variety of clinical questions can be addressed with PET. These include: (1) 
determining the degree of malignancy and the prognosis of specific tumors; (2) 
selecting the site within a tumor for obtaining a biopsy specimen that best repre- 
sents its pathology; (3) monitoring the response of a tumor to therapy and alter- 
ing the course of therapy; (4) determining whether deterioration in a patient who 
has undergone treatment is due to tumor recurrence or radiation necrosis; (5) 
determining the functional status of tissue adjacent to tumor; and (6) assessing 
metastatic brain tumors and paraneoplastic syndromes. It should be stated, how- 
ever, that the level of clinical research to support these applications varies, and that 
actual clinical practice differs among medical centers and geographic areas. 



2.3.1 Biological Grading 

Tumor grading relies primarily on histological criteria, such as degree of cellular- 
ity, nuclear and cellular atypia, number of mitotic figures, and presence or absence 
of necrosis and vascular endothelial proliferation. The World Health Organization 
(WHO) system classifies brain tumors into four grades, grade I being the most 
benign and grade IV, glioblastoma multiforme, the most malignant tumor with the 
worst prognosis [614]. Typically, for tumors that are felt to be of high grade on the 
basis of clinical presentation and structural imaging, a neurosurgical resection is 
performed to relieve symptoms and to provide tissue for pathological diagnosis. 
Histological grading is based on small tissue biopsies that may not be representa- 
tive of the tumor, however, since gliomas are frequently heterogeneous [615]. Tis- 
sue may be more difficult to obtain in a recurrent tumor, which may of a higher 
grade than the original tumor and may require radiation or chemotherapy. Thus, 
PET indicators of tumor grade and prognosis may be useful as an adjunct to 
and/or even as a substitute for histological grading. This idea has been explored 
with PET tracers for glucose metabolism, amino acid uptake, and nucleoside 
uptake. 



2.3.1 .1 Glucose Consumption 

It has been known for over 50 years that glucose consumption is increased in 
malignant tumors [616]. This principle led to the widespread use of whole-body 
PET imaging with FDG in patients with cancer [617]. The use of FDG to study 
brain tumors was a logical extension of its initial application for noninvasive 
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measurement of regional cerebral glucose metabolism, which was, in fact, the first 
use of PET in oncology. Considerable controversy soon arose, however, concern- 
ing the applicability of the FDG tracer model in brain tumors. Although correla- 
tions between malignant behavior and degree of FDG uptake were demonstrated, 
use of the FDG model with standard values for the lumped and rate constants to 
quantify the rate of tumor glucose consumption was felt to be incorrect [618, 619]. 
The use of n C-glucose shed some light on this issue, since it does not require the 
use of a lumped constant to estimate local glucose metabolism. Although there is 
evidence that high FDG uptake in gliomas actually reflects increased glucose con- 
sumption [620] (see also section 3.4), the lumped constant used to estimate glu- 
cose consumption from FDG uptake may be substantially higher in tumors than 
in normal brain [621, 622], leading to an overestimation of glucose consumption if 
the value for normal brain is used. Changes in the lumped constant could be due 
to the presence of hexokinase type II, which is expressed in some tumors but not 
in normal adult brain and which has a higher affinity for FDG than for glucose 
[623]. Changes in glucose transport may also have a role but appear to be relatively 
small compared with the changes in hexokinase activity or its affinity for FDG and 
glucose [624]. Thus, increased FDG uptake in tumors may be due to increases in 
both metabolism and the lumped constant; it may also reflect increased glycolytic 
rather than oxidative metabolism of glucose. 

In clinical applications, FDG images are analyzed, visually or in a semiquanti- 
tative manner, with reference to the level of uptake in the contralateral, presumed 
normal, cerebral cortex and deep white matter [625, 626]. FDG uptake is related to 
histological tumor grade [627, 628] and to survival in both primary and recurrent 
gliomas [629, 630]. FDG uptake in low-grade gliomas (which are mostly grade II in 
adults) is usually close to that of normal white matter, whereas most grade III 
anaplastic gliomas have FDG uptake similar to or exceeding that in normal gray 
matter. Untreated glioblastomas, the most malignant of gliomas (grade IV) also 
show high uptake, which may be heterogeneous owing to the microscopic and 
macroscopic necroses that are typical for this tumor type (Fig. 2.22). After treat- 
ment and at a late stage, areas with low metabolism may prevail. Cutoff levels of 1.5 
for the tumor-to-white matter FDG uptake ratio and 0.6 for the tumor-to-cortex 
ratio are useful in the differentiation of low-grade from high-grade gliomas [631]. 
The sensitivity and specificity of the use of these thresholds in detection of high- 
grade gliomas have been determined as 94% and 77%, respectively. PET can also 
show areas of high FDG uptake in low-grade tumors that have undergone malig- 
nant transformation. A clinical trial would be necessary, however, to demonstrate 
that regular FDG scans to detect malignant transformation, possibly before clini- 
cal deterioration, can improve clinical outcome. 

High FDG uptake is also seen in other malignant brain tumors, in particular in 
primitive neuroectodermal tumors (PNET), medulloblastoma [632], and malig- 
nant lymphoma [633] (Fig. 2.23). High uptake in lymphoma can be used to differ- 
entiate it from toxoplasmosis in patients with acquired immune deficiency syn- 
drome (AIDS) [634, 635]. Brain metastases from systemic cancers often show high 
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FDG PET MRI MET PET 




Coregistered FDG-PET (/eff), contrast-enhanced T1 -weighted MRI {middle), and n C- 
methionine (MET)-PET {right) demonstrate metabolic inhomogeneity of glioblastoma. A central 
necrosis {black arrow) is surrounded by tumor tissue with contrast enhancement. FDG uptake is 
similar to normal cortex in parts of this tumor {red arrow) and low in other parts. Distinction of 
metabolically active tumor from normal cortex is possible only by fusion with contrast 
enhanced MRI. MET uptake is high and exceeds normal brain uptake in all active tumor parts 



FDG uptake, but PET is usually not indicated in such cases; the sensitivity of MRI 
is much greater, and systemic malignancy is often clinically evident [636]. Patients 
with systemic cancer frequently have whole-body FDG-PET scans for staging, but 
addition of a brain scan in such patients rarely yields clinically relevant additional 
information [636]. 

Meningiomas are generally found to be grade I tumors on histopathology, but 
FDG uptake is variable and can provide an index of tumor aggressivity and prob- 
ability of recurrence [637]. Analogous observations have been made in a small 
series of cranial neuromas [638]. 
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Coregistered FDG-PET (left) and MRI (right) of lymphoma with exceedingly high FDG 
uptake, corresponding to peak glucose metabolic rates of more than lOOpmol/IOOg per min, 
which is much higher than those in normal cortex 



High FDG uptake has also been observed in benign pituitary adenomas, includ- 
ing microadenomas [639, 640]. Prolactinomas [641] and granular cell tumors of 
pituitary and hypothalamus [642] may appear hypometabolic on FDG. 

Pilocytic astrocytomas are a rare type of astrocytoma classified histologically 
as grade I, which occur mainly in childhood. They are the most benign of gliomas 
and can be cured if complete resection is possible. However, they may exhibit radi- 
ological signs of malignancy without being malignant and also have variable glu- 
cose metabolism without a clear relation to prognosis [643, 644]. 

Several technical factors must be taken into account in performance and inter- 
pretation of FDG brain scans. The main limitation of FDG for clinical studies of 
brain tumors is the high glucose consumption of normal gray matter. Therefore, 
the high FDG uptake in malignant brain tumors is often similar to that in normal 
gray matter, and high-grade tumors may be missed if adjacent to or surrounded 
by intact gray matter. Small lesions are especially problematic in this respect. Also, 
because of the limited spatial resolution of PET and partial volume averaging, 
FDG uptake can be underestimated in small nodular lesions or in a thin tumor 
rim. The best assessment of FDG uptake in brain tumors is obtained if the location 
and gross structure of the tumor are accurately known. This information is best 
acquired by digital image coregistration with MRI. Transaxial Ti-weighted MR 
images obtained with gadolinium enhancement are typically used for this pur- 
pose. Several techniques are available for coregistration of PET and MR images 
(see section 4.7). It should be borne in mind, however, that high FDG uptake is not 
specific for brain tumors, but may also be seen in florid inflammatory lesions 
(probably due to glycolysis in granulocytes) in patients with focal epilepsy during 
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seizures (which may be subclinical), and in recent ischemic infarcts with non- 
oxidative glycolysis. 

The glucose consumption in brain tissue is reduced in most patients with 
malignant brain tumors [645]. This reduction appears to be correlated with prog- 
nosis [646]. It may also be influenced by corticosteroid treatment, which is often 
used to treat edema in advanced glioma [647, 648] . FDG uptake may remain higher 
in brain tumors than in normal brain during hyperglycemia [649]. However, 
investigation of brain tumors during induced hyperglycemia is not recommended 
because there is a general reduction of the signal-to-noise ratio. 



2.3.1 .2 Amino Acid Uptake 

In most brain tumors uptake of amino acids is elevated. This is probably due to 
increased carrier-mediated transport at the blood-brain barrier (BBB), rather 
than to gross BBB breakdown or increased incorporation of amino acids into 
tumor tissue. Thus, increased uptake is also seen in most low-grade gliomas in the 
absence of BBB damage; this is a substantial advantage of PET with amino acid 
tracers over CT, MRI, and FDG-PET [650-652]. n C-Methionine (MET) has been 
widely used for brain tumor imaging for several years, but other n C-labeled amino 
acids and l8 F-labeled analogues, such as l8 F-fluoro-tyrosine and 0-(2- l8 F-fluo- 
roethyl)-L-tyrosine, have also been studied (see section3.7). An advantage of 
tumor imaging with labeled amino acids such as MET is that compared with FDG, 
their uptake in normal gray matter is low. This improves the contrast between 
tumor and normal tissue. A relative disadvantage is that the 20-min half-life of the 
n C radiolabel requires an on-site medical cyclotron for tracer synthesis; FDG, with 
its 110-min half-life, can be provided from regional distribution centers. 

In gliomas, MET uptake is greater in high-grade than in low-grade tumors [650, 
653-655], and it also correlates with prognosis [656]. There is a correlation 
between MET uptake and microvessel density in gliomas classed as grades II-IV, 
indicating a relationship between angiogenesis and amino acid transport and 
uptake [657]. Some investigators have reported that MET is better than FDG for 
certain applications, e.g., definition of tumor margins. In contrast-enhancing 
gliomas, the spatial extent of increased MET uptake is larger than that of contrast 
enhancement [658, 659] and may include not only solid tumor but also the sur- 
rounding zone of tumor infiltration (Fig. 2.24). In a study of lesions that were 
hypo- or isometabolic with FDG in relation to normal gray matter there was 
increased MET uptake in 22 out of 24 gliomas, whereas in benign lesions uptake 
was decreased or normal [651]. MET uptake differs, however, with tumor type: in 
oligodendrogliomas uptake tends to be higher than in astrocytomas of the same 
histological grade, although they are clinically somewhat less aggressive than the 
latter [650, 655, 660]. MET uptake is increased in other malignant intracranial 
tumors, including lymphoma, metastases, leptomeningeal carcinomatosis, and 
hemangiopericytoma (Fig. 2.25), but benign meningiomas and hemangioblas- 
tomas also have high amino acid uptake (more than 2.5-fold that in normal tissue) 
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1 ^-Methionine (MET) uptake in an anaplastic oligodendroglioma with a central cys- 
tic lesion is shown in three orthogonal slices ( top row). Compared with contrast enhancement 
on MRI ( bottom row, fusion image in middle row), the volume of significantly increased MET 
uptake is much larger and also includes low-grade tumor parts and tumor infiltration of brain 
tissue 



[661-665], and moderately increased uptake (typically 1- to 2-fold) is also seen in 
neuromas [661-665]. Thus, tumor grading with MET requires knowledge of the 
histological tumor type. 

A correlation between MET uptake and survival was observed in gliomas [666], 
even within groups of the same histological grade [656], and in childhood brain 
tumors [667]. In a series of 89 low-grade gliomas, MET uptake was a significant 
predictor of survival in patients with astrocytomas and oligodendrogliomas 
[668]. The results suggest that MET uptake could be useful for guiding therapy, 




70 Chapter 2 • Clinical Studies 




2 . ±i 

1 if 

cJ£ 

f | 



(D 

a 

o 



E g 

CL) £ 
U ^ 

£ E 
CD n; 

II 

2 IS 

■M 

c a 
o d 



^ _c 
.cn 

■d ^ 

(U LI- 

£ "o 

C7) C 
1? 



because tumor resection is associated with a better prognosis in patients with high 
rather than low methionine uptake. 

Amino acid PET may also help to differentiate between neoplastic and non- 
neoplastic lesions [651], even if tumor infiltration is diffuse without macroscopic 
solid tumor nodules, as is the case in gliomatosis cerebri [669, 670]. At a threshold 
of 1.47-fold uptake of n C-methionine in tumors compared with contralateral 
brain, this distinction was accurate in 79% of subjects in a large clinical series 
[655]. It must be borne in mind, however, that about 20% of low-grade gliomas 
remain below this threshold and that some uptake by acute ischemic infarcts, 
hematomas, and inflammatory lesions may be higher. 
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Amino acids also accumulate in the normal pituitary. This high normal uptake 
is difficult to distinguish from pituitary tumors with increased uptake [671, 672]. 



2.3.1 .3 Nucleoside Uptake 

In theory, labeled nucleosides used as indicators of cellular proliferation should 
provide the information that comes closest to histological grading (see sec- 
tion3.8). Proliferation determines prognosis in tumor patients, and arresting 
tumor proliferation is the goal of therapy. In preliminary studies in brain tumor, 
2- n C-thymidine showed slightly higher uptake than in normal brain (tumor-to- 
cortex ratio > 1.2), but no correlation was found between tracer uptake and tumor 
grade. There is a high background of radioactivity due to labeled metabolites, in 
particular n C-C 0 2 , and validation of the tracer has been hampered by its complex 
metabolism [673]. More recently, 3 , deoxy-3 > - l8 F-fluorothymidine (FLT) has been 
introduced [674]. It has much higher tumor- to-brain ratios (in the order of 3-10) 
and fewer confounding metabolites. It has been validated as a proliferation marker 
in non-CNS tumors [675]. 

Another positron-emitting nucleoside is 124 I-iododeoxyuridine (IUdR), an ana- 
logue of thymidine. Its uptake is greater in higher grade malignancies, and the 
long half-life of 124 I (4.2 days) permits imaging to be delayed until labeled metabo- 
lites have been washed out [676]. 



2.3.2 PET-Guided Stereotactic Biopsy 

There is some uncertainty about the best management of low-grade gliomas, 
because there has not yet been a convincing demonstration that treatment before 
malignant progression improves the prognosis. Therefore, some clinicians prefer 
to defer treatment with resection or radiation until malignant transformation is 
evident [677]. Stereotactic biopsy to obtain a histological diagnosis and thus help 
guide therapy in these and other situations may yield samples that are not repre- 
sentative of the most malignant part of the tumor [678]. This is a particular prob- 
lem in higher grade lesions because of their heterogeneous histology [615]. It has 
been demonstrated that the most metabolically active tumor region on PET (FDG 
or MET) is the best location for removal of a stereotactic biopsy specimen 
[679-682]. 



233 Differentiation Between Recurrent Tumor and Radiation Necrosis 

Detection of recurrent tumors is an important issue, because growth of a recur- 
rent tumor will lead to worsening of symptoms and ultimately to the patient’s 
death. FDG-PET has been used successfully for this purpose in high-grade tumors 
[632, 646, 683] (Fig. 2.26) and for the detection of malignant progression in low- 
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Large 

necrosis 



Small 

active 

tumor 




FDG-PET and coregistered MRI in a patient with a large contrast-enhancing radiation 
necrosis {top row) and a small recurrent active carcinoma metastasis ( bottom row) 



grade gliomas [684]. However, differentiation from necrosis is difficult in gliomas, 
even with histological samples, because high-grade gliomas (II-IV) almost always 
contain residual tumor cells even in the absence of a solid tumor, and there is often 
partial necrosis, whether this has occurred spontaneously during tumor progres- 
sion or is due to therapy. Frequently, these different conditions coexist in different 
parts of a tumor [685]. Therefore, the question “recurrent tumor or radiation 
necrosis” is an oversimplification [686, 687]. Nonetheless, it is important to decide 
whether active tumor growth or infiltration that could be halted by therapy is in 
train, as opposed to radiation necrosis. Both can present with clinical deteriora- 
tion, and they are often impossible to tell apart by structural brain imaging. Meta- 
bolic imaging may be a more powerful tool for patient management than histo- 
logical examination, which is the current gold standard. A definitive answer, 
however, would require a large, prospective clinical trial. The field currently has to 
rely on data comparing PET imaging with histopathological findings or clinical 
course. Initial optimistic reports noted high FDG uptake in tumor recurrences, 
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Table 2.4, Studies on differentiation between recurrent tumor and radionecrosis 




a All patients had histological verification of diagnosis 



with areas of necrosis having low uptake [688-690]. More recent studies, however, 
have shown that there is considerable overlap [691] (see Table 2.4). 

Although few data are available for MET compared with FDG, MET seems to 
have better sensitivity and specificity [692]. A recent study in 125 tissue samples 
obtained from 29 patients indicated that sensitivity for detection of recurrent 
tumors or active infiltration is 85% at a specificity of 93% [693]. Similar figures 
(78% sensitivity at 100% sensitivity) were observed in another series of 21 
patients [694]. They also correspond to the results of previous studies, which indi- 
cated sensitivity and specificity of approx. 80% [653, 695]. Therefore, MET-PET is 
being used by several groups as a sensitive clinical tool to detect recurrent glioma 
(see Table 2.5 for a practical guide). MET uptake is substantially lower or absent in 
necrotic brain areas, but mildly increased uptake (up to 1.5-fold of that in con- 
tralateral brain) may be present (Fig. 2.27). It is probably due to passive diffusion 
of the tracer across the damaged BBB in necrosis. More studies are needed to 
establish specificity. Compared with coregistered contrast-enhanced MRI, the foci 
of highest methionine uptake are often found not to coincide with contrast- 
enhancing lesions but to be close to these. Case reports have shown that this may 
indicate an active tumor with high MET uptake in the vicinity of an area of necro- 
sis with contrast enhancement [696]. 



2.3.4 Monitoring of Therapy 

It is important to be able to monitor the effectiveness of treatment for brain 
tumors, particularly gliomas, because many tumors do not respond at all and the 
responses obtained are often incomplete. Continuation of ineffective chemother- 
apy has many side effects, including cumulative bone marrow toxicity, which could 
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Practical guide for clinical use of MET-PET to detect recurrent glioma (based on 
report in [842] and continuing clinical experience) 



Typical clinical situation: Patient with glioma is clinically stable or has mild symptoms, but 
MRI shows nonspecific signal changes that could indicate residual or recurrent tumor; 
therapeutic options [surgery, radiation, or chemotherapy) are available if active tumor 
can be identified 

Patient preparation: Low-protein diet (*tea and biscuit! on the day of PET examination 

PET: i.vJnjection of approximately 740 MBq 11 C-methionine, data acquisition 20-60 min 
after injection 

Image reconstruction with appropriate corrections for scatter and attenuation 
Coregistration with MRI or CT whenever possible 
Image evaluation: 

* If increased uptake in tumor area is visible, obtain quantitative value {with an ROI of 

8 mm diameter) in the hottest region and compare with the value in a mirror ROI (index 

= tumor ROI / contralateral ROI) 

- If index is £1,5, recurrent or residual tumor or active tumor infiltration is probable 
(except for situation described in next point). For accurate localization and guidance 
of neurosurgical intervention use coregistration with MRI (if not in exactly same 
place as contrast enhancement copies of coregistered images are necessary for 
intervention planning) 

- If index is only slightly above 1 .5 and coincides with strong contrast enhancement, 
uptake is probably unspecific and due to passive tracer diffusion; recurrent or resid- 
ual tumor is possible but not probable 

- If index is >1 but <1,5, this ts a nonspecific increase and active tumor is unlikely 
(except for next point) 

- If index is < 1 .5 but close to 1 .5 and contrast enhancement is absent, specific uptake 
is likely and the patient should be closely monitored for tumor progression (repeat 
study suggested in 3 months) 

- If there is no visibly increased uptake, active tumor is unlikely 



be avoided by early detection of inefficacy. Similarly, in radiotherapy, dose escala- 
tion beyond standard tumor doses involves an increased risk of side effects and 
may be warranted only if viable tumor tissue is still present after standard therapy. 
This approach has successfully been implemented in a pilot study that used FDG- 
PET to determine the presence of residual tumor [697]. 

The probable gold standard for assessing therapy is the measurement of prolif- 
eration rates; preliminary results with FLT suggest that this is possible [698]. The 
role of FDG in monitoring therapy is still being defined after a few initial studies 
showed some correspondence between a change in FDG uptake during 
chemotherapy and outcome in the case of glioblastoma [646] and of medulloblas- 
toma [632]. In a study of experimental brain tumor in the rat, reduced glucose con- 
sumption, but not reduced protein synthesis, was seen after 7 days of effective 
chemotherapy, in correlation with reduced DNA synthesis [699]. This finding cor- 
responds with the results of some clinical studies in brain tumors [700]. However, 
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Fig, 2,27. Radiation necrosis after treatment of a low-grade astrocytoma with 125-iodine seeds 
with contrast enhancement on MRI ( bottom row, lesion marked by cross hairs on orthogonal 
slices). There is some increase of MET uptake {top row), but it does not reach 1 .5-fold the uptake 
in normal brain tissue and is therefore considered unspecific and probably due to damage 
to the blood-brain barrier (BBB). At follow-up 3 months later ( middle row), MET uptake has 
decreased further 



effective chemotherapy and radiation may lead to an initial transient increase of 
FDG uptake [701-703], so that the timing of PET is critical. Reduced FDG uptake 
has also been observed after radiotherapy [704], but in a study of experimental 
systemic tumors in the rat FDG uptake in a tumor remained high 6 days after irra- 
diation, even with complete tumor regression [692]. This increase maybe related 
to a local accumulation of metabolically active macrophages in areas of radiation- 
induced tumor necrosis. 

In the same study, thymidine and MET uptake significantly decreased [692], 
suggesting that these tracers are better suited than FDG to monitoring therapy. In 
a clinical study of low-grade gliomas, MET uptake decreased after interstitial irra- 
diation (brachytherapy) [705]. Another study showed a correlation between high 
pretreatment uptake of MET and reduction in MET uptake after radiotherapy 
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Fig. 2.28 Effect of chemotherapy on a recurrent oligoastrocytoma: Before therapy MET uptake 
was increased (in absence of contrast enhancement on MRI). It is reduced to values close to that 
in normal brain tissue after brain therapy with corresponding disappearance of the mass effect 
on MRI 



[706]. An interesting observation was reported in lymphoma, where MET uptake 
persisted (corresponding to the usual poor clinical outcome) after radiation ther- 
apy, whereas CT contrast enhancement rapidly disappeared [662]. Data are fewer 
and less encouraging for n C-tyrosine; in a small series of brain tumors its uptake 
did not change after irradiation [707]. MET-PET has definite potential for moni- 
toring the effectiveness of glioma therapy and should be studied in larger prospec- 
tive series (Fig. 2.28). 

Uptake of FDG, amino acids, and dopaminergic ligands in pituitary tumors 
decreases with effective therapy by irradiation or dopamine agonists, such as 
bromocriptine and octreotide [641,708-710]. 

A special situation exists in the therapy of brain tumors with heavy ions, which 
may generate positron-emitting atoms in brain tissue by nuclear reactions [711, 
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712]. This can be used to monitor the effective field of radiation with PET with no 
need for radiotracer administration. 



2.3.5 Identification of Hypoxic Tumor Tissue 

Oxygen consumption is lower in most brain tumors than in normal brain [622, 
713]. This is in contrast to their elevated glucose consumption, suggesting a sub- 
stantial proportion of nonoxidative glycolysis with increased lactate production 
[620]. In site of this, tissue pH is usually alkalotic rather than acidotic in brain 
tumors [714, 715]. Thus, there is no indication of general hypoxia in brain tumors, 
but owing to tumor inhomogeneity and irregularity of vessels there is reason to 
assume that certain areas within tumors may be hypoxic. 

Hypoxic tissue in tumors is relatively resistant to radiation therapy. Therefore, 
it would be useful to identify hypoxic tissue to make it possible to predict the effec- 
tiveness of radiotherapy and to develop better treatment by improving tissue oxy- 
genation. Tumor hypoxia is also a major stimulus for vascular proliferation and is 
therefore of interest in that it would help us to understand tumor growth as well 
as therapy. l8 F-Misonidazole and other ligands used to image hypoxic tissue are 
derived from misonidazole (MISO). MISO diffuses slowly into the brain with a 
uniform distribution and is selectively retained in hypoxic cells. MISO distribu- 
tion in experimental tumors is variable, and tumor concentrations increase with 
time relative to that in brain [716]. l8 F-MISO has been used in patients with glioma 
[717], but its ability to predict radiation response has not yet been established. 

l8 F-4-Bromo-i-(3-fluoropropyl)-2-nitroimidazole has higher lipophilicity and 
brain uptake than l8 F-MISO, and may therefore be more useful than MISO for 
imaging hypoxia in both brain tumors and cerebrovascular disease [718]. Another 
candidate is the lipophilic molecule EF5, which has been used to measure tumor 
hypoxia in animals and humans using immunohistochemical methods; it has been 
labeled with l8 F [719]. 



2.3.6 Improving and Planning Therapy 

Surgical resection should be as complete as possible and at the same time respect 
functionally intact brain tissue to avoid deterioration of neurological function. To 
achieve this goal, PET and MRI images need to be coregistered and presented in a 
format that facilitates planning of therapy (cf. Figs. 2.22-2.27). It has also been 
shown that integration of PET adds a new dimension to neuronavigation that may 
permit more effective surgical treatment than is possible with MRI and CT alone 
[720]. Demonstration of the clinical benefit of this comprehensive approach 
requires prospective clinical studies. 

Drug delivery to brain tumors depends on blood flow, which can be measured 
with PET (see section 3.2) and is highly variable in malignant gliomas [721], with a 
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tendency towards higher blood flow in oligodendroglioma than in astrocytoma 
[722]. 

Another important factor is drug transfer across the BBB, or better the 
blood-tumor barrier, which may be intact in low-grade gliomas but is usually dis- 
rupted in high-grade gliomas and absent in nonglial tumors, such as metastases 
and meningiomas. These barriers can be assessed with 68 Ga-EDTA [723, 724] or 
82 Rb [725,726] (see section 3.1). A reduction in permeability has been observed fol- 
lowing corticosteroid treatment [727, 728], and increased permeability occurs after 
infusion of hyperosmotic agents [729-731]. Although similar results can also be 
obtained by analysis of contrast agent uptake with CT or MRI, the short physical 
half-life of 82 Rb (75 s) permits rapid repeat measurements of permeability. 

For many drugs, including the nitrosoureas as commonly used chemothera- 
peutics for brain tumors, the BBB is not a major barrier but can be crossed by dif- 
fusion or by carrier-mediated transport. The actual transfer of chemotherapeutics 
to brain and brain tumors can be assessed by labeling of these drugs, as has been 
done for the nitrosoureas carmustine (BCNU), lomustine (CCNU) and SarCNU 
[732, 733], and for temozolomide [734]. Pharmacokinetics of superselective intra- 
arterially and intravenously administered n C-BCNU have been evaluated by PET 
[735]. On the basis of experimental studies, it has been postulated that temozolo- 
mide undergoes decarboxylation and ring opening in the 3-4 position to produce 
the highly reactive methyldiazonium ion that alkylates DNA. A PET study employ- 
ing temozolomide labeled by n C in two different positions confirmed this mecha- 
nism in human gliomas [736]. 

Resistance to other chemotherapeutic drugs (which are not commonly used in 
brain tumors) may be caused by multiple drug resistance (MDR). This is mediated 
by P-glycoprotein (Pgp), which is encoded by the MDRi gene in humans, is highly 
expressed at the BBB, and can be studied by n C-verapamil [737]. Pgp in cell mem- 
branes pumps drugs out of cells and can be studied with positron-emitting sub- 
strates for Pgp, such as n C-verapamil [737]. Other tracers used to study MDR 
include n C-colchicine [738], JV- n C-acetyl-leukotriene E4 [739], and l8 F-paclitaxel 
[740]. 

The goals of radiotherapy include stopping the proliferative potential of low- 
grade tumor parts and invading tumor cells outside the solid malignant tumor 
core. With conventional techniques, including CT and MRI, it is impossible to 
identify these areas, and standard “safety margins” are often used to define the 
irradiation field. PET has the potential to contribute to a better definition of radi- 
ation treatment [697, 741-743]. There are also indications that pretreatment 
methionine uptake maybe a marker for the radiosensitivity of low-grade gliomas 
[706]. Measurement of uptake of fluorine-18-labeled L-fluoroborono-phenylala- 
nine (L- l8 F-ioB-FBPA) in high-grade gliomas was used for accurate neutron 
dosimetry during boron neutron capture therapy [744, 745]. The efficacy of inte- 
gration of PET into radiation planning should be tested by appropriate studies. 
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23 J New Therapies 

Gene therapy involves local gene transfer to change genes or their expression in 
tumor cells [746]. One major issue is the effectiveness of this new therapeutic 
approach. As explained in section 3.9, the expression of herpes virus thymidine 
kinase (HSV-TK) and other nonmammalian enzymes can be imaged to assess 
gene transfer. This technique has been used in experimental studies of brain 
tumor treatment by adenovirally mediated gene transfer [747], and for replica- 
tion-conditional, oncolytic herpes simplex virus type 1 mutant vectors [748]. In a 
preliminary study in humans with glioblastoma, the efficacy of liposomal vector- 
mediated HSV-TK transfer and treatment with gancyclovir was examined with 
124 I-labeled 2’-fluoro-2 , -deoxy-i-(3-D-arabino-furanosyl-5-iodo-uracil (FIAU) and 
PET [749] (Fig. 2.29). The degree of HSV-TK expression, indicated by retention of 
phosphorylated radiotracer, correlated with therapeutic outcome. 

The goal of antiangiogenic therapy is selective reduction of the blood supply to 
tumors. Angiogenesis in tumors due to up-regulation of vascular endothelial 
growth factor (VEGF) and hypoxia-inducible factors was imaged in experimental 
studies by means of dual reporter genes [750]. VEGF can be blocked by mono- 
clonal antibodies. The in vivo distribution of such an antibody (HUMV833) has 
been demonstrated in vivo by labeling with 124 I [751]. The efficacy of antiangio- 
genic therapy can be monitored by PET measurements of blood flow and volume 
to assess the vascular system and of metabolism to assess cellular response. This 
has been done with 15 0 -water and FDG in a phase I clinical trial with recombinant 
human endostatin (rh-Endo), a specific inhibitor of angiogenesis, in patients with 
systemic cancers [752]. No such trials have been performed to date in brain 
tumors. 

Tumor growth is related to activation of several growth factor receptors that 
could be blocked by new therapeutic modalities. PET biomarkers targeting the 
epidermal growth factor receptor tyrosine kinase are being developed but have 
not yet entered the clinical arena [753]. In this context, expression of transferring 




Accumulation of 124 l-2'-fluoro-2'-deoxy-5-iodo-1-p-D-arabinofuranosyluracil (FIAU) in 
human glioblastoma center after liposomal gene transfer of HSV-TK. (From [749], with permis- 
sion) 
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receptors at tumors is also of potential interest and can be imaged by Ga-68-trans- 
ferrin [754, 755] and l8 F-holo-transferrin [756]. However, transferring receptors are 
difficult to assess in brain tumors because they are also expressed at the BBB [757]. 



23.8 Other Tracers for Brarn Tumors 

Many tumor cells exhibit increased choline transport and phosphorylation with 
subsequent trapping in the phospholipid pool. n C-Choline [758] and l8 F-fluoro- 
choline [759] have been used for brain tumor imaging, but target-to-background 
ratios are low and the potential usefulness of these tracers is unclear. 

Somatostatin analogues bind to pituitary tumors and meningiomas, so that 
tracers labeled with l8 F, 86 Y, or 68 Ga could be used to image them [760-763]. Such 
tracers could also be used for planning isotope therapy of neuroendocrine tumors 
with yttrium-90-labeled octreotide [764]. Progesterone receptors on menin- 
giomas [765] could potentially be imaged by l8 F-labeled progestins that are being 
developed for breast cancer imaging [766] . Nonsecreting pituitary tumors (but not 
meningiomas) express high levels of MAO-B that can be imaged with deuterium- 
substituted n C-L-deprenyl [767]. Prolactinomas have more dopamine receptors 
than do normal pituitary and nonsecreting pituitary tumors. They have been 
imaged and measured with RAC [768], l8 F-fluoroethylspiperone (FESP) [769], and 
n C-N-methylspiperone (NMSP) [770]. 

23.9 Extracranial Tumors of the Nervous System 

Schwannomas of the extremities have been imaged with l8 F-fluoro-methyl-tyro- 
sine [771] and with FDG [772, 773]. Malignant peripheral nerve sheath tumors, 
which occur most frequently in patients with neurofibromatosis, show high FDG 
uptake such as has not been seen in benign neurofibromas [774]. Pheochromocy- 
tomas can be localized with n C-hydroxyephedrine [775], a sympathomimetic 
amine, and 6- l8 F-fluorodopamine [776-778], a substrate for the norepinephrine 
transporter. Potential alternatives are the norepinephrine analogue p- l8 F-fluo- 
robenzylguanidine (PFBG) [779] and, though these are less specific, FDG [780, 
781], FDOPA [782], and Rb-82 [783]. 4- l8 F-Fluoro-3-iodobenzylguanidine, an 
iodobenzylguanidine analogue, has been explored for use in neuroblastoma [784, 
785]. Some spinal cord tumors have been imaged with MET [786], but this has not 
generally been successful. 
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2.3.10 Detection of Primary Tumors 

Neurological paraneoplastic syndromes (e.g., Lambert-Eaton syndrome, cerebel- 
lar degeneration, limbic encephalitis) often occur at a time when the tumor caus- 
ing the syndrome has not yet been identified [787]. Whole-body FDG-PET offers 
an efficient way of detecting these tumors [788-790] even if standard clinical and 
radiological methods have failed. FDG-PET is also highly efficient in locating pri- 
mary tumors in patients with brain metastases of unknown origin [791]. 



2.3.1 1 Activation Studies 

Brain tumors close to eloquent brain areas present particular difficulties for sur- 
gical treatment. Intraoperative location of critical motor and language function 
can be achieved by electrophysiological methods, but in the case of language cen- 
ters surgery must be performed with only local anesthesia, which is cumbersome. 
Exact presurgical location is therefore an important clinical goal. Infiltrative 
glioma growth poses a particular challenge for tailoring of resection, because infil- 
trated tissue may still be functional [792]. Since even total resection cannot pre- 
vent tumor recurrence in most cases of glioma, the emphasis must be on preser- 
vation of function. Compared with the more commonly used fMRI, PET provides 
a more physiologically specific and robust signal and is therefore a viable alterna- 
tive to fMRI [793-796]. 15 0 -Water is the most frequently used CBF tracer for this 
purpose, typically allowing up to 12 CBF measurements (e.g., 3 different conditions 
with 4 replications each; see Table 2.6 for a typical activation study protocol). 
Motor and language tasks can also be performed during the first 30 mm after 
injection of FDG to record functional changes in local CMRglc. FDG activation 
studies are often performed in a separate session from the resting reference study, 
but there have also been suggestions for double-injection protocols to combine 
the activation and the resting condition in one session [797]. Coregistration and 
fusion image display with 3D-MRI are necessary for accurate anatomical localiza- 
tion [798-800] (Fig. 2.30), and integration into intraoperative neuronavigation is 
possible [801]. 

The locations of functionally activated areas may be altered in brain tumor 
patients as a result of several effects. First, there may be a mass effect that displaces 
the motor cortex, where the functional activation can be found at the anatomically 
expected location. Thus, it is important to have coregistered MRI scans and image 
fusion for direct comparison, although accurate anatomical localization may still 
be difficult if the sulci can no longer be identified because of the mass effect and 
edema. Direct effects of the tumor on motor or language cortex usually lead to 
reduced activation, often associated with impaired function. There have also been 
a few instances of false-positive activation, in particular in the vicinity of hyper- 
perfused lesions [802, 803]. Functional activations may occur at atypical anatomi- 
cal locations, apparently representing reorganization of functional networks [804, 
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Practical guide for an 15 0-water activation study for localization of language and 
motor areas (based on [804] and related experience) 



Typical clinical situation: The 3D MRI of a patient with a brain lesion considered for sur- 
gery (e*g*, MPRAGE sequence with 1- to 1.5-mm-thick slices covering the entire brain) 
shows the extent of the lesion and defines cortical anatomy- If MRI is not sufficient to 
demonstrate lesion extent an amino acid PET may also be necessary* An 15 Owater PET 
activation study is performed to localize motor and language areas and to compare them 
with lesion location and extent, which is useful in the planning of surgery. The patient's 
condition allows the performance of hand movements and a verb generation task* 

No specific patient preparation necessary, 

A set of twelve ls O-water PET examinations is performed under three different condi- 
tions: 

- A: Resting 

- 8 : Verb gen e rat io n tas k: th e pa ti ent i s a sked to p rod uce a sema n t i cal ly re la ted ve rb fo r 

each item from a list of nouns with high association content that is presented to 
him/her at a rate of approx, 1 0 words per min 

- C: Unilateral finger tapping 

Each PET study is done in 3D mode and involves i.v. bolus injection of approx. 370 MBq 
15 0-water and data acquisition over approx. 45 s. Conditions are performed in a balanced 
order (e*g* H ABCBCACBABAC) with intervals of 6 min* between subsequent conditions 
(resulting in an approx, total study time of 90 min)* 

PET images of 15 0-water distribution are reconstructed (with appropriate corrections for 
attenuation and scatter) and co registered to each other to adjust for minor head move- 
ments* Images are smoothed (e*g*, by Gaussian filtering with FWHM8mm),brain masking 
is performed, and local blood flow increases during verb generation and during finger 
tapping (relative to the resting condition) are determined* 

Activation images are coregistered to individual MRI and displayed in fusion mode to 
illustrate the topographical relation between anatomy, neuronal function, and lesion. 



805]. The potential for reorganization is greater during early development in 
childhood than in later life [806]. The implications of these changes seen in acti- 
vation studies for location of critical brain functions require further study. Not all 
areas that are activated during functional tasks are essential for task performance: 
a lesion would severely impair function, but might also include areas that are sec- 
ondarily activated during task performance. 



2.3.1 1 .1 Motor Function 

The main clinical issue is usually localization of motor cortex (arm and leg). 
Useful activation tasks are repetitive finger tapping and foot movements, which 
lead to reliable activations centered in the respective areas of contralateral motor 
cortex in healthy subjects [807, 808]. There are also regular activations of supple- 
mentary motor cortex and of cerebellum, more on the ipsilateral side [809, 810]. 
In patients with brain tumors, displacement of functionally activated areas has 



2.3 Brain Tumors 83 




Fusion MET tumor 
(thresholded) 



Rendering MET tumor (thresholded) 




Fusion 

Language Activation 



Rendering tumor and activation 



Multimodal image coregistration, fusion, and rendering to present comprehensive 
structural and functional preoperative findings in 3D mode. Image processing starts with 
removal of extracerebral structures from 3D MRI (left). Image fusion with MET-PET (thresholded 
at 1.5-fold normal brain uptake) shows the extent of glioma infiltration (fop middle), which can 
then be displayed also by surface rendering (fop right). PET activation data are also coregistered 
with MRI (fusion display, bottom middle). All three data sets (MRI, activation and thresholded 
MET-PET) are then displayed together (surface rendering, bottom right).The complete volume 
data of this patient and an animated video clip of the main findings are presented on the 
enclosed CD-ROM 



been observed along the dorsoventral dimension of the precentral gyrus that 
exceeds anatomical displacement due to mass effect [811] (Fig. 2.31). In patients 
with cortical lesions that cause contralateral spastic paresis the activation of 
motor cortex may be largely abolished, often being replaced by more intense acti- 
vation of secondary motor areas and motor cortex ipsilateral to the paretic limb. 
This has been studied more extensively in stroke than in brain tumors, and the 
functional implications are not yet entirely clear [812]. A comparison of PET find- 
ings with intraoperative electric stimulation and transcranial brain stimulation 
found overlapping results in 31 of 49 studies, and neighboring location of motor 
areas in 14 [793]* 
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2.3.11.2 Language 

The capacity to understand and to speak language is strictly lateralized in most 
subjects to the dominant hemisphere. With few exceptions this is the left hemi- 
sphere in right-handers, whereas in left-handers language may be represented in 
either hemisphere or even bilaterally [813]. In addition to language dominance, 
details of the anatomical localization of sensory and motor language areas (Wer- 
nicke’s and Broca’s), which may vary unpredictably even in normal individuals 
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Preoperative language activation by verb generation in left temporo-parietal malig- 
nant glioma, shown in orthogonal slices (top) and in a corresponding surface rendering {bot- 
tom) with point of correspondence marked by red crosshairs. The effects of language activation 
are shown by rainbow color coding, with distinct activation of Wernicke's area in superior tem- 
poral cortex (white arrows). Other major focal activations are located in the foot of motor cortex, 
inferior frontal cortex, and cerebellum. Superior temporal cortex activation is close to the ante- 
rior border of tumor infiltration (marked by red contours in the orthogonal slices and by pink 
color in the surface rendering), but tumor and functional brain still appear separated and tumor 
resection is possible 



[814-816], are also of interest for surgical planning in patients with tumors in infe- 
rior frontal and temporoparietal association areas. Wada testing has been used as 
the gold standard for determination of language dominance, and PET activation 
studies have been validated against this gold standard in several studies [794, 
817-819]. The more difficult question of whether the extent of language activation 
areas can provide guidance for tailoring resections has also been addressed [795, 
820, 821]. Correspondence with intraoperative electrical stimulation is highly sig- 
nificant, although activated areas tends to include some sites where there is no lan- 
guage disturbance with electrical stimulation, and there are also a few sites with 
electrical language disturbance but no significant preoperative activation effect. 
Thus, language activation studies are helpful in the planning of surgery (Fig. 2.32), 
but cannot currently completely replace intraoperative monitoring. 
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A considerable variety of language activation paradigms have been tried for 
localization of language function [822-825]. Automated speech tasks are not very 
useful to localize language areas [826]. Passive listening activates temporal lan- 
guage areas in superior temporal cortex, but this is not always significant in indi- 
vidual subjects. More active semantic or language production tasks (e.g., the gen- 
eration of semantically related verbs in response to presentation of nouns) 
provide more clearly lateralized activations, in particular in inferior frontal cortex 
of the dominant hemisphere [827] and in most instances also in superior tempo- 
ral cortex, anterior cingulate cortex, and an adjacent supplementary language area 
and in cerebellum (predominantly contralateral to the dominant cerebral hemi- 
sphere). An essential advantage of PET in its clinical application of language acti- 
vation studies is that active speaking during language production tasks does not 
induce technical artifacts (as is common with fMRI) and therefore direct moni- 
toring of task performance is possible even in functionally impaired subjects. 

Similar to motor function, there is considerable reorganization of language in 
patients with brain tumors in the dominant hemisphere [804]. This includes 
increased activation of secondary language sites and a shift to the right side, which 
may already be present in subjects with lesions but without aphasia. Lesion- 
induced plasticity is greater in childhood than in adults [828, 829], and even in 
adults the rightward shift of language activation tends to be stronger as a conse- 
quence of early as against late lesions [830]. It is not yet clear whether such appar- 
ent plasticity is sufficient to support language function to an extent that would 
allow surgical resections of primary language areas that are partially damaged fol- 
lowing tumor infiltration. 

Bilateral acoustic neuromas may induce deafness that can be improved by 
cochlear implants. These allow functional speech processing that is associated 
with activation of classic language areas [831, 832]. There is also evidence for 
altered functional specificity of the superior temporal cortex, flexible recruitment 
of brain regions located within and outside the classic language areas, and auto- 
matic contribution of visual regions to sound recognition [833]. 



2.4 Cerebrovascular Disease 

Acute cerebrovascular disease, the cause of the clinical syndrome of stroke, is the 
most common neurological disorder, with an annual incidence of 150-200 per 
100,000 in western industrialized countries. There are three main etiological cat- 
egories: ischemic stroke (70-80%), spontaneous intracerebral hematoma (10- 
20%), and subarachnoidal hemorrhage (5-10%). The most direct functional 
measurements of oxygen supply and consumption, the most critical parameter in 
acute ischemic stroke, have been made with 15 0 PET (see section 3.3 for method- 
ological background). Functional effects on normal brain tissue have mostly been 
studied by measurement of CBF or CMRglc. 
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2.4.1 Ischemic Stroke 

The cause of ischemic stroke is a severe and usually sudden decrease of CBF below 
a level of about 15 ml/100 g per min (a decline by about two thirds from its normal 
average level of about 50 ml/100 g per min in human brain). It is mostly due to 
atherothrombotic or embolic occlusion of a supplying artery. The severity and 
duration of this insult are the major determinants of tissue fate, whether infarction 
develops or whether recovery follows [843]. In most cases there is a central core of 
dense ischemia, in which residual flow is very low and the time to infarction con- 
sequently short, surrounded by an area of graded and less severe flow disturbance 
where function is impaired but morphology preserved for an ill-defined period. 
This area - the penumbra - has the potential for functional recovery providing 
that local blood flow can be re-established at a sufficient level and within a certain 
time window [844]. This is clinically possible by means of intravenous or intra- 
arterial thrombolysis [845], but the risk of intracranial bleeding is high if the com- 
plete infarct is already too large. Therefore, the main goal of functional imaging is 
currently the precise identification of the status and extent of penumbra to allow 
better informed selection of the therapeutic options and improvement of the 
treatment results. 

Several studies have indicated that necrosis is present in tissue whose cerebral 
metabolic rate for oxygen (CMR 0 2 ) is below 65pmol/ioog per min (=1.5 ml/100 g 
per min) or whose CBF is below i2ml/ioog per min [846, 847]. Voxels exhibiting 
initial flow rates between 10 and 22 ml/100 g per min were found in the area of the 
final cortical-subcortical infarcts [848]. On the other hand, voxels with the same 
penumbral criteria escaped infarction, and the minimum CBF of salvageable tis- 
sue was found to be 7ml/ioog per min [849]. This means that these thresholds are 
variable, depending on the timing of measurement after the attack, and that brain 
regions with CBF between 12 and 22 ml/100 g per min can be considered as a 
penumbra zone [850]. In an experimental study in minipigs, brain tissue with CBF 
up to 30 ml/100 g per min deteriorated to below the threshold of viability within 
3 hours [831]. 

Metabolically, acute ischemic stroke is characterized by a mismatch of relatively 
well-preserved oxygen metabolism but severely reduced CBF. This condition, 
which is often called misery perfusion, implies that blood flow is insufficient to 
meet the energy metabolic demand of still viable tissue for oxygen and substrate 
(Fig. 2.33) [847, 852-854]. It is characterized by an increase in the oxygen extraction 
fraction (OEF) to up to 50% above its normal values. It has also been observed as 
an immediate event after vessel occlusion in experimental stroke studies [850, 
855]. It is indicative of the precarious condition of the tissue, but experimental 
studies show that it also holds promise for a full recovery if CBF can be restored 
[856]. Unfortunately, in most patients a slow continuous decline of CMR 0 2 is seen 
in the border zone of an ischemic infarct [849, 854]. A few studies have suggested 
that it could be prevented by therapeutic intervention [852, 857]. 
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Misery perfusion in acute stroke: images show a completed infarct in the left anterior 
middle cerebral artery (MCA) territory {bright area in diffusion-weighted MRI, bottom right ) with 
severely reduced CBF and CMR0 2 . Misery perfusion is located in the adjacent posterior MCA ter- 
ritory ( arrows ) with reduced CBF, near-normal CMR0 2 , increased OEF, and normal diffusion- 
weighted MRI. A red contour (obtained by thresholding of the CBF image) was superimposed 
onto all images to facilitate regional comparison 



Ligands to central benzodiazepine receptors, such as n C-flumazenil (FMZ), can 
be used as markers of neuronal integrity since they bind to the widely distributed 
y-amino butyric acid (GABA) receptors of intact cortical neurons [858] (Fig. 2.34). 
The validity of this concept has been demonstrated in cat middle cerebral artery 
(MCA) occlusion, by comparing the FMZ binding to quantitative assessment of 
flow and energy metabolism [859]. It has also been applied to patients with acute 
ischemic stroke, demonstrating a close correlation with development of eventual 
infarction [860, 861]. 

Markers of hypoxic tissue were also tested with respect to their capacity to 
identify penumbral tissue. l8 F-Fluoro-misonidazole (FMISO) revealed increased 
uptake surrounding a zone of absent activity, and the area of high activity had dis- 
appeared by the time of follow-up, indicating that the hypoxic tissue had either 
infarcted or recovered [862-864]. 
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Impaired CBF but intact flu maza mil ( FMZ) binding ( arrows ) in the posterior part of an 
acute MCA infarct indicates viable tissue in the ischemic penumbra that is still preserved on fol- 
low-up MRI {right image). A red contour (obtained at the viability threshold on the CBF image) 
outlines the completed infarct on all images 



After an acute ischemic event arterial vessels may be damaged, and eventual 
reperfusion may then lead to postischemic hyperperfusion [865-867]. This hyper- 
perfusion may develop in viable tissue, where it is often mild and does not prevent 
a good outcome [868, 869], but it may also occur within ischemic infarcts, when it 
is called “luxury perfusion” [870]. This phenomenon is a major reason for the 
inability of sole CBF measurements to predict tissue outcome reliably. In com- 
pleted infarcts, a complex cascade of reactive changes is initiated, including 
microglial activation that can be imaged with n C-PK-ni95 [871]. 

CMRglc is mostly reduced in acute ischemic infarcts [872-874], but to a lesser 
degree than CMR 0 2 . In a few cases - under 10 % of patients with acute and suba- 
cute infarcts - CMRglc is increased in some parts of the infarct to levels above that 
found in normal gray matter. This phenomenon is believed to indicate nonoxida- 
tive glycolysis, which may lead to intracellular accumulation of lactate [875]. 
Within the first few days of acute stroke, a decrease in tissue pH is observed [876]. 
In the subacute phase, intracellular pH in most infarcts shows an alkaline shift, 
which might be correlated with the occurrence of perfusion in excess of metabolic 
demand. It could also enhance the glycolysis rate or could represent mainly the 
pHi of phagocytic cells, which use aerobic glycolysis to synthesize hydrogen per- 
oxide [877,878]. 



2,4.2 intracerebral and Subdural Hemorrhage 

In patients with intracerebral hemorrhage, PET can reveal the effects of the space- 
occupying lesion on CBF and metabolism and thereby provide information on the 
functional state of the surrounding tissue and on the prospects of recovery. The 
hematomas are manifest as defects of normal tracer uptake [879]. Large 
hematomas may lead to a larger oxygen extraction fraction (OEF) in the periph- 
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ery, probably because of their mass effect, which demands evacuation [880-882]. 
Yet, in another study, a reduction in OEF in the periphery of intracerebral 
hematomas was seen [883]. The inflammatory tissue reaction during resorption of 
an intracerebral hematoma may lead to moderate focal increases of ^-methion- 
ine uptake [884, 885] (see section 2.3.1.2 for differentiation from brain tumors). 



2,4.3 Subarachnoid Hemorrhage 

Subarachnoid hemorrhage (SAH) may lead to severe cerebral vasospasm, which 
can in turn lead to ischemic infarcts. Good estimates of this risk are required for 
optimum timing of angiography and surgery (clipping of the aneurysm). In 
patients with postoperative vasospasm generalized impairment of oxygen metab- 
olism with a reduced tissue oxygen supply has been observed, even in the appar- 
ently normal cortex, and additional impairment of regional perfusion in the terri- 
tory of vasospasm [886] (Fig. 2.33). An experimental study has demonstrated that 
SAH is due to increased cerebrovascular resistance at the level of the small 
parenchymal vessels [887]. The generalized reduction of CMR 0 2 is thought to be 
due to the initial aneurysm rupture [888, 889]. 



2.4.4 Remote Effects (Diaschisis) 

Alterations of metabolism and blood flow in acute stroke are not limited to the 
infarct or hemorrhage and its immediate surroundings; there are also remote 
reductions, which are probably due largely to neuronal inactivation (diaschisis) 
[890]. The most obvious case is crossed (contralateral) cerebellar diaschisis 
(CCD), which is probably due to the inactivation of cortico-ponto-cerebellar path- 
ways [891-899] (Fig. 2.36). It occurs within hours after supratentorial ischemic 
insults [900, 901], is most frequently seen after lesions to the basal ganglia and 
frontal and parietal lesions [902], and can persist over a long time with eventual 
cerebellar atrophy but usually lacks major correlates in neurological functional 
impairment [903, 904]. Preservation of CMRglc in the dentate nucleus has been 
noted, suggesting that cerebellar output activity (mostly originating in the Purk- 
inje cells) is not impaired by diaschisis [897]. CCD was also observed with pontine 
lesions, involving specific cerebellar lobules to a different degree that is consistent 
with the pontine anatomy of the cortico-ponto-cerebellar pathway [893]. CCD 
associated with hemiataxia was demonstrated in few patients with thalamic 
lesions, and it was presumed to result from retrograde deactivation of the cerebel- 
lar hemisphere via the dentate-rubro-thalamic pathway [905]. The reverse, supra- 
tentorial diaschisis after cerebellar infarct, has been seen only rarely [906]. A study 
with n C-flumazenil suggested that reorganization of GABA-mediated mecha- 
nisms and glucose metabolism in cerebellum following cortical injury differs with 
size of lesion and age at the time of injury [907]. 
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Cortical diaschisis is particularly prominent with thalamic infarcts, which 
often lead to pronounced thalamocortical diaschisis with corresponding cognitive 
deficits [247, 908-911] (Fig. 2.37). A distinction can be made between intrahemi- 
spheric diaschisis [912], in which noninfarcted gray matter structures in the same 
hemisphere are functionally impaired, and transhemispheric or transcortical 
diaschisis with impairment of the contralateral hemisphere [913, 914]. Intrahemi- 
spheric diaschisis is a very frequent finding that was noted in the very early 



in the order of 20 ml/1 00g per min 
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Crossed cerebellar diaschisis in acute occlusion of the MCA, with resolution after suc- 
cessful thrombolysis. Images show CBF in a transaxial slice at a level just above the basal gan- 
glia {left column) and in a coronal slice through the cerebellum {right column). There was already 
a focal area of postischemic hyperperfusion {green arrow) at the anterior border of the ischemic 
territory before the start of therapeutic thrombolysis. The outcome is documented by coregis- 
tered T2-weighted MRI 
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studies, can often can be related to functional deficits, and probably plays an 
important part in functional recovery [872, 912, 915-919] (see also section 2.4.8). It 
is most obvious with striatal infarcts, but in these cases, which often represent 
incomplete infarcts attributable to temporary occlusion of the MCA, there may 
also be a substantial contribution from diffuse ischemic cortical damage. Even 
small lacunar striato capsular infarcts can be recognized with PET by their func- 
tional effects [920]. 



2.4.5 Chronic Hemodynamic Impairment 

Chronic perfusion disturbance caused by arterial vascular disease is a precarious 
condition, necessitating vascular surgery in selected cases. Patients with a history 
of transient ischemic attacks (TIAs) but with normal clinical and CT examination 
usually have CBF values greater than 22 ml/100 g per min [921]. The distinct focal 
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reductions in CBF and CMRglc found in many patients after TIAs often corre- 
spond to the location of the clinical deficits [879]. They are thought to be the result 
of small areas of embolic infarction not detected by morphological imaging or 
areas of selective neuronal loss without gross infarction. 

Occlusion or high-grade stenoses of major arteries may reduce hemodynamic 
reserve capacity [922]. In its mildest stage, CBF is maintained within the normal 
range by peripheral vasodilatation, which is reflected in an increased cerebral 
blood volume (CBV). Thus, the CBF/CBV ratio is decreased, and its inverse, which 
is closely related to the mean transit time of intravascular indicators as used with 
dynamic CT and MRI, is increased. When the perfusion reserve is exhausted (i.e., 
at maximal vasodilatation) any decrease in arterial input pressure produces a pro- 
portional decrease in both CBF and CBF/CBV ratio. In this condition of hemody- 
namic decompensation the brain must draw on the oxygen carriage reserve to pre- 
vent energy failure and loss of function, as evidenced by an increase in the OEF 
from the normal 40-50% up to 85% [921, 922]. Patients with low CBF/CBV and 
submaximal elevations of OEF account for 10-15 % of all patients with cervical 
occlusive disease [922]; they exhibit the most advanced atherosclerotic lesions and 
are at high risk of recurrent stroke [923]. However, the relation between CBF/CBV 
ratio and OEF is rather variable, and both are needed to provide complete infor- 
mation on the severity of hemodynamic impairment and risk of stroke [924-926]. 

In some cases, the hemodynamic impairment with increased OEF, i.e. the con- 
dition of misery perfusion, has been treated successfully by extra-intracranial 
bypass surgery [852, 927-931]. Despite one study in which selection of patients for 
bypass surgery was based on PET and results did not confirm a better outcome 
after surgery [932], a new trial is now under way for which patients are selected on 
the basis of the hemodynamic compromise [933]. 

Vascular responsiveness as an indicator of hemodynamic reserve can also be 
assessed by comparing CBF at rest and during breathing of carbon dioxide or after 
administration of the carbonic anhydrase inhibitor acetazolamide or the adeno- 
sine uptake inhibitor dipyridamole. The dilatation of peripheral vessels and 
increase of CBF under this vasodilator challenge is taken as a measure of the resid- 
ual reserve capacity and shows some correlation with CBF/CBV and OEF [934, 
935]. This technique is most frequently used with perfusion measurements by 
SPECT, CT, or MRI when metabolic information cannot be obtained. It can of 
course also be used in connection with PET measurements of CBF [936-940]. 

Chronic cerebrovascular disease may lead to vascular dementia. In this condi- 
tion, functional findings are dominated by the consequences of multifocal 
ischemic damage, which are described in section 2.1.5. There is some controversy 
about whether chronic hemodynamic impairment with reduced vascular respon- 
siveness is characteristic for vascular dementia and could be used to differentiate 
it from degenerative dementia. 
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2.4.6 M oyamoya Disease 

Moyamoya disease is most frequently observed in Japan. An often bilateral occlu- 
sion of the MCA (and in some cases also other major cerebral arteries) is accom- 
panied by an extensive microvascular network that partially bypasses and com- 
pensates this occlusion. There is a high risk and frequency of cerebral ischemia 
and hemorrhage in moyamoya disease. The corresponding findings in 15 0 PET 
studies are significant increases in CBV and cerebral transit time [941, 942]. In 
children and asymptomatic patients, CBF and CMR0 2 are usually maintained 
within the normal range [943] but reduced after ischemic or hemorrhagic events. 
The OEF is normal in most cases but may be increased, especially in children 
[944]. 

Extra-intracerebral bypass surgery is regarded as a standard therapeutic pro- 
cedure to improve hemodynamics in moyamoya disease. Postoperative improve- 
ments of hemodynamic parameters have been observed predominantly near the 
cortex, where bypass surgery had been performed, and in the basal ganglia [945— 
947]. 

2.4.7 Genetic Disorders (MELAS, CADASIL) 

MELAS is an acronym made up of the initial letters of the components myopathy, 
encephalopathy, lactic acidosis, and stroke-like episodes, and the MELAS syn- 
drome is a mitochondrial disorder. As would be expected in a mitochondrial dis- 
ease, CMR0 2 is reduced whereas CMRglc is usually within the normal range, indi- 
cating impaired oxidative and increased anaerobic glucose metabolism [948, 949]. 
CBF has often been found to be increased, especially after stroke-like episodes 
[948, 950, 951], which could indicate postischemic hyperperfusion but more prob- 
ably demonstrates that the stroke-like episodes have a primary metabolic rather 
than a hemodynamic cause. 

CADASIL is an autosomal dominant arteriopathy characterized by multiple 
brain infarcts, cognitive decline, and finally dementia, which is caused by muta- 
tions in the Notch 3 gene. With PET, a pronounced global reduction of CBF and 
CMRglc is observed [932, 953]. 



2,4,8 Brain Function and Recovery After Stroke 

The potential for rehabilitation after stroke may be limited by several global fac- 
tors, such as age and microvascular angiopathy, that affect basically the whole 
brain. These can be very strong factors that are evident from many clinical stud- 
ies, and they are also reflected in reduced glucose metabolism even in the resting 
state [954]. The potential for recovery is high for lesions acquired during early life, 
when even hemispherectomy is often followed by good recovery of motor and lan- 
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guage function [955]. Reorganization may be mediated by compensatory func- 
tional changes in corresponding cortical areas of the unaffected hemisphere, 
including the ipsilateral corticospinal pathway. Functional imaging studies sug- 
gest that metabolic recovery and functional plasticity in the remaining subcorti- 
cal structures of the injured hemisphere may also play an important part [955, 
956]. In these areas not only functional deactivation (diaschisis, see section 2.4.4), 
but also partial neuronal loss as the consequence of ischemia, may contribute to 
functional changes [957]. The potential for recovery is higher in childhood than in 
later life. Nonetheless, it is still not known whether there is a continuing influence 
of age beyond the limitations imposed by age-related multimorbidity on func- 
tional recovery after stroke [958]. 



2.4.8.1 Aphasia 

Aphasia is a severely incapacitating symptom of stroke and is one of the main 
causes of disability. Most studies have been performed in right-handed individu- 
als with language dominance in the left hemisphere. The left temporoparietal 
region, in particular the angular gyrus, supramarginal gyrus, and lateral and 
transverse superior temporal gyrus, are the most frequently and consistently 
impaired, and the degree of impairment is related to the severity of aphasia [959, 
960]. In contrast, metabolic impairment of subcortical structures is related mainly 
to language fluency and other behavioral aspects, but not to aphasia severity [961] . 
In patients with aphasia attributable to purely subcortical strokes deactivation of 
temporoparietal cortex is regularly found, which is probably responsible for the 
aphasic symptoms [962]. 

Metabolic disturbance in the left temporoparietal cortex is related to the out- 
come of aphasia [963]. Investigations in the subacute state after stroke showed a 
highly significant correlation with language performance assessed at follow-up 
after 2 years. The receptive language disorder correlated with CMRglc in the left 
temporal cortex and word fluency correlated with CMRglc in the left prefrontal 
cortex [964]. In activation studies recovery was also associated with the ability to 
activate the left superior temporal gyrus [965-967]. Only the basic function of 
mere word repetition appears to be sufficiently supported by sole right hemi- 
spheric activation [968]. These results indicate that the functional disturbance as 
measured by rCMRglc in speech-relevant brain regions of the dominant hemi- 
sphere early after stroke is predictive of the eventual outcome of aphasia 
(Fig. 2.38). Facilitation of this activation has been demonstrated after treatment 
with piracetam [969]. The results also suggest that even limited salvage of peri- 
infarct tissue with acute stroke treatments will have an important impact on the 
rehabilitation of cognitive functions. 

The wider language network is not confined to the dominant hemisphere. The 
role of the right hemisphere after ischemic infarcts of language areas in the left 
hemisphere has been addressed in several studies. Generally, more right hemi- 
spheric activations were seen in the subacute phase of an infarct with language 
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Language activation by word repetition in a patient with a left parietal ischemic 
infarct and severe aphasia (47 errors in Token test) in the first 2weeks ( 15 0-water PET study, 
shown as 3D fusion rendering with coregistered MRI). Activation of the left superior temporal 
gyrus (Wernicke's area , red arrow) was completely missing in the acute phase, but recovered cor- 
responding with near-complete clinical recovery (2 errors in Token test) after rehabilitation 
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activation than in normals with the same tasks [970, 971]. Language recovery in 
the months immediately after aphasia onset was associated with regression of 
functional depression (diaschisis) in structurally unaffected regions, in particular 
in the right hemisphere [917]. Training-induced improvement in verbal compre- 
hension in some aphasia patients was associated with activation of the posterior 
part of the right superior temporal gyrus and of the left precuneus [972]. Thus, 
there is ample evidence that the brain recruits right-hemispheric regions for 
speech processing when the left-hemispheric centers are impaired. However, out- 
come studies reveal that this strategy is significantly less effective than repair of 
the original speech-relevant network in adults [973]. The effectiveness of right- 
hemispheric compensation appears to be higher in childhood than later [828, 830]. 

Observations of crossed aphasia (i.e., aphasia in a right-hander due to a lesion 
of the right hemisphere) are of principal interest for the understanding of variants 
of the neuroanatomy of language. One study suggests that abnormal dominance 
for at least some language functions in the right hemisphere underlies the syn- 
drome of crossed aphasia, but diaschisis of the anatomically normal left hemi- 
sphere is also seen [974]. 

The issue of language dominance and aphasia in left-handers has been studied 
with PET in normals. Activation studies show a greater participation of the right 
hemisphere in language processing in left-handers, but there is no clear relation 
between handedness and laterality of activation during language tasks [813, 975]. 



2.4.8. 2 Motor Function 

Capsular infarcts or hematomas are a common reason for lesions to motor fibers 
with contralateral hemiparesis but intact motor cortex. Patients with such lesions 
usually show the same degree of activation of the sensorimotor and premotor cor- 
tex as normal subjects [976]. Even imagining such movements can lead to sub- 
stantial activation of motor cortex. Tactile exploration of shapes with the paretic 
hand after subcortical infarction leads to large activations in contralateral motor 
and sensory hand cortex [977]. These activations are also similar to those 
observed in normal subjects with the same task. In a study of six patients with cap- 
sular or pontine infarcts, passive movements of the paretic arm also led to activa- 
tion of contralateral sensorimotor cortex [978]. With infarcts of motor cortex, the 
extent and intensity of activation obviously depend on the site and extent of the 
lesion. 

Activations of ancillary motor areas, such as ipsilesional premotor cortex acti- 
vation, are frequently observed [976, 979]. Secondary motor and frontoparietal 
nonmotor cortices are activated more in patients with lesion onset before age 4 
than in those with onset after age 10, suggesting a greater potential for reorgani- 
zation during early development than in later life [806]. Learning new movements 
also increases CBF in SMA and premotor cortex in normal subjects [980]. Learn- 
ing-associated activations often also include sensorimotor and parietal cortex, 
basal ganglia, and cerebellum. Large interindividual variability has been noted 
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[981], which may be due to different learning strategies [982]. Thus, activation of 
ancillary motor areas after stroke could reflect a learning effect that could con- 
tribute to rehabilitation. 

In normals and for the unaffected hand in stroke patients, little activation of 
ipsilateral motor cortex is seen during finger movement. Several studies have con- 
sistently shown that ipsilateral activation of motor cortex is stronger for move- 
ments of the paretic fingers after recovery from stroke [977, 983-986]. These data 
can be interpreted as evidence for stronger activity of the small noncrossing part 
of the corticospinal tract after a lesion to the crossing fibers or neurons. 

It is not clear whether increased activity in the ipsilateral motor cortex con- 
tributes to functional recovery in adults [979, 987, 988]. Nonrecovered hemiplegic 
patients show stronger activations, both ipsilateral and contralateral, during pas- 
sive movements than do normal controls [978]. In a small series, ipsilateral acti- 
vation was only seen in the most severely impaired subject [989] . In a study of rest- 
ing CMR 0 2 there was even a slight decline in the unaffected hemisphere during 
the early recovery phase after stroke [990]. It was not related to neurological 
recovery and was interpreted as a possible consequence of transcallosal fiber 
degeneration. 

The thalamus is an important relay station for sensory afferences to the cortex, 
and it is also involved in the extrapyramidal motor system. A reduction of ipsilat- 
eral thalamic CMRglc at rest is often seen after hemispheric stroke [902] and is 
associated with poor motor recovery [991]. By multiple regression and discrimi- 
nant analysis, Azari et al. [992] found a close correlation of CMRglc in bilateral 
SMA, ipsilateral thalamus, and contralateral cerebellum in recovered patients, 
suggesting a stronger functional association of these structures than in normals 
or in nonrecovered patients. In a related study, a statistically significant associa- 
tion was found between activation of a similar network including bilateral occip- 
ital and bifrontal cortex and cerebellum, contralesional cingulate, hippocampus 
and thalamus and recovery of motor function [918]. 

Cerebellar activation is seen in most activation studies. In patients after stroke 
it has been variously reported as normal [976] or reduced, especially in ipsilateral 
cerebellum [977, 993]. There is less cerebellar activation in patients with lesions 
received in early childhood than in those who have sustained lesions in later life 
[806]. Reduced activation maybe a consequence of damage to cortico-ponto-cere- 
bellar pathways by stroke, which is probably also the cause of the crossed cerebel- 
lar diaschisis seen even in the resting state [904]. 



2.4.83 Neglect 

Neglect is a disorder of spatial attention usually on one side of the body and in the 
related field of action and vision. Even though it is not due to hemianopia or hemi- 
paresis, it can substantially impair rehabilitation. Clinical observations indicate an 
important role of the subdominant right hemisphere and involvement of the pari- 
etal cortex as the association cortex that is most important for visuospatial orien- 
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tation. There have been a few PET studies, which generally support the clinical evi- 
dence [994]. They also indicate that functional diaschisis may have an important 
role [995]. A report of two cases suggested that the remission of unilateral neglect 
after left-hemispheric stroke might be associated with a functional metabolic 
recovery in both the undamaged left hemisphere and the unaffected regions of the 
right hemisphere [996]. In an activation study with a visuospatial task, regions 
that were notably more active after recovery from neglect were found almost 
exclusively in right-sided cortical areas and largely overlapped with those 
observed in a group of normal subjects performing the same visuospatial task 
[997]. 

2,5 Epilepsy 

Epilepsy is a heterogeneous group of conditions, which vary according to seizure 
type, age of onset, and underlying pathophysiology. Recurrent seizures are 
broadly classified into generalized epilepsies and localization-related or focal 
epilepsies. Generalized epilepsy, including absence seizures and generalized tonic- 
clonic seizures, often begin in childhood. Their pathophysiology is not well under- 
stood, but such functional abnormalities as abnormal ion channels [998] have 
been implicated, rather than focal brain lesions. Simple focal seizures, with tran- 
sient motor or sensory manifestations but no impairment of consciousness, are 
typically associated with a focal brain lesion that can be localized by CT or MRI, 
e.g., posttraumatic scar, tumor, inflammatory lesion, or hemorrhage. The most dif- 
ficult clinical problems are posed by complex partial seizures. These consist of 
episodes of impaired consciousness, typically accompanied by automatisms and 
often progressing to a generalized tonic-clonic seizure. These seizures have a focal 
origin, most frequently in hippocampus or frontal lobes. Only 50-70 % of patients 
thus affected become seizure free with antiepileptic medication; the remainder 
may benefit from surgical treatment. This requires accurate preoperative localiza- 
tion of the epileptogenic focus. Prior to resection of the focus, it is often necessary 
to define adjacent eloquent cortex, that is, cortex in which an injury results in a 
motor or cognitive deficit. Special diagnostic and therapeutic considerations arise 
in childhood with its specific epileptic syndromes and in patients with cortical 
malformations. 

There are several clinical and research applications of PET in epilepsy. In 
patients with medically intractable focal seizures who are being assessed for sur- 
gical therapy, PET can assist in localization of the epileptogenic focus. In fact, the 
finding of interictal hypometabolism in the temporal lobe harboring the focus in 
patients with complex partial seizures was one of the first clinical observations to 
be made with PET [999]. Preoperative PET activation studies with 15 0-water can 
be used to define eloquent cortex involved in memory and language [1000]. The 
role of PET in these applications is currently being redefined and becoming more 
limited as advances are made in anatomical and functional MR [1001-1003]. Cur- 
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rent clinical indications include discordant findings between surface EEG and 
MRI prior to placement of intracranial electrodes and suspected focal epilepsy if 
less complex methods of seeking for localized abnormalities have failed [1004]. 
PET may also provide information on the prognosis of patients who have been 
surgically treated. 

PET has been widely used to study pathophysiological aspects of epilepsy. Stud- 
ies with FDG and 15 0 -water have examined changes in CMRglc at sites distant 
from the focus, the effect of a seizure on blood flow and glucose metabolism, and 
the effect of anticonvulsant medications on cerebral metabolism. 

A wide variety of radioligands have been used to study neuroreceptor systems 
in epilepsy [1005, 1006]. There are several possible interpretations when an abnor- 
mality is detected. The affinity (K D ) of the receptor for the radiotracer may be 
abnormal. The amount of receptor (B max ) per unit volume of tissue may be 
changed; this could be due to a change in the number of receptors per neuron, or 
a change in the number of neurons. Lastly, the local concentration of endogenous 
ligand maybe increased or decreased, resulting in altered competition for binding 
with the radiotracer being imaged (see section 4.9.3 for methodological details). 
Such changes could potentially be involved in the pathophysiology of epilepsy. It 
is also possible to observe changes in radioligand uptake because of nonspecific 
abnormalities, such as alterations in regional CBF or in the BBB. Tracer-kinetic 
modeling techniques can be used to account for these changes. 

2.5.1 Localization of Epileptogenic Foci 

The seminal observation with FDG-PET in focal epilepsy was made in 1980 by 
Kuhl and Engel and their colleagues [999]. In the interictal state, there is a reduc- 
tion of local CMRGlu in the epileptic focus. Glucose metabolism is focally 
increased during focal seizures, and globally increased during generalized absence 
seizures [1007]. These basic findings have been replicated many times and have 
been compared with clinical, electrophysiological and other imaging data. 



2.5.1 .1 Temporal Lobe Epilepsy 

Most patients who undergo surgical therapy for epilepsy have complex partial 
seizures that arise in the mesial temporal lobe (temporal lobe epilepsy, TLE). The 
most common underlying pathology is hippocampal or mesial temporal sclerosis. 
This consists of atrophy of the hippocampus with microscopic neuronal loss and 
gliosis. Heterotopias or low-grade tumors are less commonly implicated. The main 
finding yielded by FDG-PET, which has been replicated in numerous studies (see 
[1008] for review), is interictal focal hypometabolism in the mesial temporal lobe 
(Figs. 2.39, 2.40). This is found in approximately 80% of patients. The hypometa- 
bolic zone is generally much larger than the area of pathological involvement and 
extends to involve temporopolar and temporolateral neocortex [1009-1011]. This 
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Fig, 2.39 Ictal hyper- 
metabolism (top image, 
red area), interictal 
hypometabolism in same 
area (white arrow), and 
small region with reduced 
FMZ binding (red arrow) 
in posttraumatic temporal 
lobe epilepsy (TLE). 

The ictal hypermetabolic 
region is outlined in red 
on coregistered MRIs, 
which also show the 
adjacent posttraumatic 
scar (blue arrows) 



may be due to deafferentiation of temporal cortex distant from the hippocampal 
lesion. In the case of patients with temporolateral impairment only and absence of 
temporomesial hypometabolism, however, the seizure origin is usually in the lat- 
eral temporal lobe [1012]. In some cases, severe neocortical metabolic impairment 
maybe due to microscopic cortical dysplasia [1013]. 

A pathophysiological correlate of temporomesial hypometabolism may be a 
reduction in the rate of glucose oxidation in the CA3 pyramidal subfields [1014]. A 
coupled reduction of glucose metabolism and glutamate cycling, which may be 
linked by common metabolic pathways, as explained in more detail in section 3.4, 
was also demonstrated in epileptic lesions with FDG-PET and proton MRS [1015] 
and could also play a part in the pathophysiology of focal epilepsy. Pharmacolog- 
ical activation of GABA-A receptors may partially reverse glucose hypometabo- 
lism [1016]. An alteration of BBB GLUTi glucose transporter activity in epilepto- 
genic cortex could also contribute to reduced FDG uptake [1017]. 
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The reduction in mesial temporal CMRglc is not simply an artifact due to par- 
tial volume averaging and volume loss in the hippocampus. Knowlton et al. [1018] 
reported that after partial volume correction, hippocampal metabolism per unit 
volume of tissue persists although hippocampal metabolism is directly correlated 
with hippocampal volume, suggesting that neuronal loss is an important underly- 
ing factor. However, several other authors have noted that the degree of hypome- 
tabolism is not related to the severity of hippocampal damage assessed with either 
quantitative MRI or histopathology [1019-1021]. In addition, reductions in FDG 
are not correlated with those of N-acetyl-aspartate (NAA), an MRS marker for the 
local number of neurons [1022] . Therefore, hypometabolism may be due to a com- 
bination of neuronal loss and suppression of glucose metabolism in any remain- 
ing neurons. This is consistent with data suggesting that hypometabolism is an 
independent predictor of surgical outcome [1019]. 
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Initial studies of temporal lobe epilepsy (TLE) suggested that focal interictal 
hypometabolism is related to the severity of the pathological lesion [1009] and the 
duration of epilepsy [1023]. The degree of left temporal hypometabolism has been 
correlated with impairment of verbal memory [1024]. The frequency of interictal 
spikes on EEG does not generally show a relation to focal CMRGlc changes, 
although there has been a case report of an increase in CMRGlc and CBF associ- 
ated with interictal spiking [1025]. 

Hypometabolism often extends to brain regions distant from the involved tem- 
poral lobe, most commonly ipsilateral thalamus, but also basal ganglia, and frontal 
and parietal cortex [1010, 1026]. Hypometabolism may extent also to the insular 
cortex; its anterior part maybe involved in emotional symptoms and the posterior 
insular cortex, in somesthetic symptoms [1027]. Ictal dystonic posturing in TLE 
has been associated with striatal hypometabolism [1028]. In a study that found a 
correlation between hippocampal cell loss and subcortical hypometabolism the 
hypothesis that decreased efferent synaptic activity to thalamus and basal ganglia 
causes decreased neuronal activity in these remote structures and hypometabo- 
lism was set up [1029]. Functional activation has been suggested as a method of 
differentiating between areas with local synaptic dysfunction that are potentially 
epileptogenic and remote hypometabolism due to deafferentiation [1030-1032]. 

The interictal focal reduction of CMRGlc in TLE is associated with a reduction 
of CBF that is usually less marked and less reliable [1023, 1033, 1034]. PET-CBF 
studies have probably also not been as widely used because of the higher image 
noise than with FDG. 

EEG is, of course, the most important method of localizing an epileptic focus. 
With partial seizures, and in particular in TLE, EEG recordings from scalp elec- 
trodes are often not conclusive. Before the introduction of modern imaging tech- 
nologies, invasive sphenoidal or depth electrode recordings were the next step for 
accurate localization. Early PET studies suggested that combined use of FDG-PET 
and surface EEG may obviate the need for invasive recordings when surface EEG 
confirms that a corresponding hypometabolic zone is epileptogenic [1035]. If PET 
is concordant with surface EEG, it is a reliable indicator of the side where the 
abnormality is sited and provides important information for use in the planning 
of surgery [1036, 1037]. Partial complex seizures may not be clinically apparent. 
Therefore it is necessary to obtain an EEG recording during FDG-PET to avoid 
false localization due to potential confusion of ictal, postictal, and interictal find- 
ings. In 2001, FDG-PET was approved by the Centers for Medicare & Medicaid Ser- 
vices of the United States for presurgical evaluation of a focus of refractory 
seizures. 

In many instances, potentially epileptogenic lesions are associated with discrete 
macroscopic morphological changes, and because of their high sensitivity in the 
detection of such changes, modern MRI techniques have replaced functional 
imaging in presurgical work-up to some extent [1038-1040]. Still, FDG-PET 
appears to be more sensitive than MRI [1021, 1041-1043]. In a recent series of 113 
TLE patients who had surgically and pathologically confirmed lesions and a good 
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surgical outcome, sensitivity was found to be 89% and the specificity was 91% 
[1012]. In general, if a patient has a localized EEG focus and a concordant neu- 
roimaging study (PET, ictal SPECT, or MRI), invasive electrophysiological studies 
are not required. PET may be valuable for focus localization in patients with a neg- 
ative MRI. 



2.5. 1.2 Neocortical Focal Epilepsy 

FDG-PET can also be useful to detect abnormalities in patients with neocortical 
(mainly frontal) rather than temporomesial partial seizures [1044-1046]. How- 
ever, sensitivity appears to be lower (approximately 50-75%, than in TLE [1041, 
1047-1049]. Sensitivity may be improved by standardized quantitative evaluation 
[1050]. Hypometabolic regions are often associated with structural imaging 
abnormalities. As in TLE, regional hypometabolism often includes but is not spe- 
cific for the epileptogenic region [1051]. Thus, the clinical relevance of FDG-PET 
appears to be primarily in directing placement of intracranial electrodes for 
presurgical evaluation of refractory neocortical seizures. 



2.5. 1.3 Ictal Studies 

Ictal studies performed with 15 0 -water or FDG are logistically difficult. They 
require the presence of very frequent or continuous seizures, reflex seizures, or 
pharmacological seizure induction [1052, 1053]. In some patients, epileptic dis- 
charges occur regularly during sleep and can then be studied with PET, as in one 
patient with continuous spike-wave discharges during sleep accompanied by par- 
tial motor and atypical absence seizures who had a corresponding focal increase 
in CMRglc [1054]. The interpretation of ictal FDG scans can be difficult, because 
glucose metabolism is not at steady state and because the value of the lumped con- 
stant for FDG changes during the extreme hypermetabolism of a seizure (see sec- 
tion 4.9.2.2 for methodological aspects). The FDG images may reflect a combina- 
tion of ictal hypermetabolism, postictal depression of metabolism, and baseline 
inter ictal hypometabolism. In general, though, these studies have shown increases 
in both flow and metabolism in the area of the focus that are often large. Changes 
can also occur in subcortical structures and in contralateral brain regions. 
Changes in local metabolism, in relation to the interictal state, can persist for 48 h 
or longer after a localized seizure [1055] . As in functional activation, there appears 
to be coupled focal increase in CBF and CMRglc in focal epilepsy but a smaller 
increase in CMR 0 2 [1056]. 

Although ictal PET is rarely practical [1057], ictal blood flow imaging with 
SPECT (and a rapidly trapped tracer such as Tc-99m-HMPAO or ECD) is more 
commonly used to identify the site of seizure onset [1058-1060]. Very early and 
rapid tracer injection after seizure onset is crucial to avoid bias from late ictal and 
postictal activity distributions [1061]. 
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The match between electrical discharges and blood flow increases may not be 
perfect. A study using SPECT in two patients reported a focal CBF increase has 
prior to electrographic seizure onset [1062]. A PET study of focal epileptic dis- 
charges induced by intracerebral electrical stimulation demonstrated that areas of 
increased CBF always indicated an underlying epileptic discharge but some dis- 
charging regions showed no CBF change [1063]. The coupling of CBF and CMRglc 
may not be preserved in the postictal phase, for which persistent hyperperfusion 
[1064] and hypometabolism [1055] has been described. Focal epileptic status 
(epilepsia partialis continua) may be associated with focal hypometabolic or 
hypermetabolic alterations [1056, 1065, 1066]. Focally increased CMRglc was 
observed during periodic lateralized epileptiform discharges [1067]. 



2.5.1 .4 GABA-A and Benzodiazepine Receptors 

The most widely-used PET radioligand to study epilepsy has been n C-flumazenil 
(FMZ), which binds to benzodiazepine receptor (BZR), as part of the central 
GABA-A receptor complex. A consistent observation in TLE has been reduced 
binding of FMZ in epileptogenic foci [1068]. A region of decreased FMZ binding 
may be found with a sensitivity as high as 94% [1036, 1049]. This finding is even 
more consistent after correction for partial volume effects [1069]. Reduced FMZ 
binding can be present even in the absence of abnormalities on MRI [1070-1073]. 
Comparative studies have shown that the area of reduced FMZ binding is much 
more focally restricted than the area of reduced FDG uptake [1074-1076]. Correla- 
tions with invasive electrophysiological methods done so far in few patients indi- 
cate that the area of reduced FMZ receptor binding corresponds to the seizure 
onset zone [1045, 1059] . Minor reductions of FMZ binding have also been observed 
in projection areas of epileptogenic foci with normalization after successful focus 
resection [1077, 1078] and in the cerebellum [1079]. 

Several investigators have studied the underlying basis for the reduction in 
FMZ binding in TLE. Neuronal loss has been observed in pathological studies of 
resected hippocampi. The fact that the reduction persists after correction for par- 
tial volume effects and occurs in the absence of MRI abnormalities, however, indi- 
cates that it is not due to hippocampal atrophy alone. In a group of patients with 
hippocampal sclerosis, there was excellent agreement between the partial-volume 
corrected reduction in FMZ binding and ex vivo autoradiographic measurements 
of H-3-FMZ receptor density [1080]. A detailed autoradiographic study of recep- 
tor density using 3 H-FMZ showed B max (receptor density) to be decreased in all 
components of resected sclerotic hippocampus. In the CAi region, B max was 
reduced greater than could be attributed to neuronal loss, while elsewhere, B max 
and neuronal reductions were matched [1081]. Receptor affinity was increased in 
subiculum, hilus, and dentate gyrus. In vivo PET measurements have also sug- 
gested decreased B max . One study, however, reported that B max was increased in 
resected hippocampi, with decreased FMZ binding attributed to altered affinity, 
which was decreased to an extent greater than the B max increase [1082]. Overall, it 
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appears that altered PET FMZ binding reflects neuronal loss, with possible addi- 
tional reduction in B max . Interestingly, increased FMZ binding in temporal lobe 
white matter has been noted in TLE and may indicate microdysgenesis [1083]. 

In spite of the extensive positive findings with FMZ in TLE, its current clinical 
role is limited by advances in quantitative MRI. It may have a role, however, in 
localizing the seizure focus in patients with normal MRI. 

In neocortical focal epilepsy, extensive cortical abnormalities on FMZ-PET pre- 
dict poor outcome in epilepsy surgery, whereas resection of focally restricted FMZ 
abnormalities in the lobe of seizure onset is associated with excellent outcome 
even in the absence of a structural lesion [1084, 1085]. FMZ-PET is probably also 
useful for identifying epileptogenic cortex in the vicinity of structural lesions 
[1086]. For example, epilepsy associated with dysembryoplastic neuroepithelial 
tumors or cavernomas maybe related to reduced benzodiazepine receptor density 
in the vicinity of these lesions [1076, 1087] (Fig. 2.41). 



2.5.1 .5 Other Transmitters and Receptors 

An increase of p-opioid receptor binding capacity in the ipsilateral temporal neo- 
cortex in patients with TLE is observed with u C-carfentanil [1088, 1089]. It has 
been hypothesized that this increase may represent a tonic anticonvulsant system 
that limits the spread of electrical activity from other temporal lobe structures. 
Increased binding has also been observed with the delta opioid receptor ligand 
n C-methylnaltrindole [1090]. In the same patients, increased p-receptor binding 
was confined to the middle aspect of the inferior temporal cortex, whereas bind- 
ing of delta receptors was increased in the mid-inferior temporal cortex and ante- 
rior middle and superior temporal cortex. These changes are apparently specific 
for these receptor subtypes, because no increase in receptor binding was found 
with n C-diprenorphine [1089, 1091] and l8 F-cyclofoxy [1092], which do not have 
opiate receptor subtype specificity. 

Competition of endogenous opioids was measured during reading-induced 
seizures. n C-diprenorphine binding to opioid receptors was lower in left parieto- 
temporo-occipital cortex. These findings suggested that opioid-like substances are 
involved in the termination of reading-induced seizures [1093]. Similar ictal stud- 
ies with other radioligands would be of great interest. 

Uptake of i.v.-administered n C-ketamine was found to be reduced in the 
affected temporal lobes of patients with TLE [1094]. This could be due to several 
factors, including reduced NMDA-receptor density, reduced perfusion, and focal 
atrophy. A reduction in 5-HT lA serotonin binding potential was observed in tem- 
poral lobe epileptogenic foci [1095]. It is noteworthy that activation of 5-HT lA 
receptors in experimental models inhibits neuronal firing. There is a report of 
increased histamine receptor binding assessed with n C-doxepin in epileptic foci 
[1096], but the specificity of this finding remains to be determined. 

Increased levels of serotonin and quinolinic acid have been observed in epilep- 
togenic lesions, raising the possibility that MTrp may accumulate these lesions. 
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Reduced FMZ uptake {white arrow) in the vicinity of a right temporal cavernoma, 
which is marked by blue color on 3D fusion rendering ( right column) with coregistered MRI. 
(From [1076], with permission) 



This has in fact been demonstrated in patients with focal epilepsy due to tuberous 
sclerosis. There was increased uptake of MTrp in those tubers that were subse- 
quently demonstrated to be epileptogenic [1097, 1098]. In contrast, FDG uptake is 
typically reduced in these lesions [1099]. 



2.5.1 .6 Inflammatory Lesions and Glial Reaction 

Epileptic lesions may be associated with focal inflammation. The peripheral ben- 
zodiazepine receptor ligand n C-PKni95 can be used to image microglial activa- 
tion. Positive findings have been demonstrated in Rasmussen’s encephalitis [1100] 
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and in vasculitis [1101]. Increased hippocampal gliosis in TLE may be imaged 
by n C-deuterium-deprenyl, which binds to monoamine oxidase B (MAO-B) 
expressed by glial cells [1102, 1103]. Interictal hippocampal hypermetabolism was 
observed with FDG-PET in patients with limbic encephalitis [1104]. 



2.5.2 Progression of Epileptic Lesions 

There is an ongoing controversy about the progression of tissue damage in epilep- 
tic foci [1105]. Cross-sectional studies with PET provide some evidence for pro- 
gression. There is a low incidence of abnormal FDG-PET in children with new- 
onset partial epilepsy [1106], and the severity of focal hypometabolism is related 
to epilepsy duration [1023, 1107]. These PET findings concur with MRI studies, 
which indicate a relation between hippocampal atrophy and disease duration. 
Also, patients with recent-onset seizures have less hippocampal atrophy than 
those with chronic TLE [1105]. 



2.5.3 Prediction of Surgical Outcome 

PET can provide information on the prognosis of patients with focal epilepsy who 
have been surgically treated. A better outcome is associated with hypometabolism 
only in the affected temporal lobe or if there is a greater degree of asymmetry of 
temporal lobe metabolism as well as the presence of hypometabolism in the lat- 
eral temporal neocortex [1108-1110]. Extratemporal cortical hypometabolism out- 
side the seizure focus, in particular hypometabolism in the contralateral cerebral 
cortex, may be associated with a poorer postoperative seizure outcome in TLE and 
may represent underlying pathology that is potentially epileptogenic [1111]. Bilat- 
eral temporal hypometabolism is present in approximately 10% of patients with 
TLE. It is associated with a higher percentage of generalized seizures and worse 
prognosis for seizure remission after surgery [1112, 1113]. Bilateral thalamic 
hypometabolism, and in particular thalamic metabolic asymmetry in the reverse 
direction to that of the temporal lobe asymmetry, is also associated with poor out- 
come [1114]. 



2.5.4 Malformations of Cortical Development 

Increased FMZ binding was observed in ectopic neurons of band heterotopia and 
in cortex adjacent to cortical dysplasias (Figs. 2.42, 2.43). A high incidence of 
focally increased FMZ binding in gray or white matter was observed in neocorti- 
cal epilepsy with normal MRI, indicating that in many of these subjects migra- 
tional disturbances may be a cause of epilepsy that cannot be readily detected by 
MRI [1115]. In general, reduced FMZ binding is seen in subependymal nodular het- 
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Abnormal FDG and FMZ uptake in ectopic periventricular cortex (marked by cross- 
hairs on coregistered orthogonal slices) 



erotopia, focal cortical dysplasia and polymicrogyria [1116], and dysembryoplastic 
neuroepithelial tumors [1087]. 

Active glucose consumption suggesting synaptic activity has been detected in 
band heterotopia [1117, 1118] and in heterotopic nodules and displaced gray matter 
[1119, 1120]. Imaging rCBF with ^O-water showed that regions of malformations of 
cortical development (MCD) can be activated during cognitive tasks, suggesting 
that heterotopic neurons synapse with neurons in other brain regions [955]. 
Abnormalities in the activation pattern of apparently normal cerebral cortex can 
also occur, indicating more widespread abnormalities of cortical organization 
[1121]. 
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Abnormal FDG and FMZ uptake in cortical malformation ( arrows ) 



2.5,5 Childhood Epileptic Syndromes 

There are several encephalopathies of childhood that are characterized by devel- 
opmental delay and epileptic seizures. In patients with infantile spasms and West 
syndrome, FDG-PET studies suggest that the spasms are the result of secondary 
generalization from cortical foci [1122]. Other PET tracers, such as FMZ and 
(a- n C-methyl-L-tryptophan, MTrp ), are being used to investigate developmental 
abnormalities of serotonergic and GABAergic neurotransmitter systems in this 
syndrome [1123] . Patients with the Lennox-Gastaut syndrome have a variety of cere- 
bral metabolic patterns, including normal, focal and diffuse (unilateral and bilat- 
eral) hypometabolism [1124, 1125]. Diffuse cortical dysfunction is common in the 
epileptic encephalopathies and may reflect the underlying cause of the condition 
or arise as a consequence of uncontrolled seizures. Altered thalamic glucose metab- 
olism is further evidence of subcortical involvement in these conditions [1126]. 
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As in the other epileptic disorders, hypometabolism most likely reflects 
impaired synaptic activity, but it often also includes the epileptogenic cortex 
[1127]. Hypometabolism was prominent in the temporal lobes in Landau-Kleffner 
syndrome [1128], an acquired aphasia that begins in childhood and is thought to 
arise from an epileptic disorder within the auditory speech cortex. In a few cases, 
however, focally increased CMRGlu in left superior temporal cortex has been 
noted [1129]; this may have been a consequence of epileptic discharges during the 
study. In scans performed during slow-wave sleep there is also a marked bilateral 
increase in glucose metabolism in these areas [1130]. Even after cessation of 
epilepsy in adulthood, impaired verbal short-term memory may persist; this is 
reported to correspond to reduced activation of superior temporal cortex [1131]. 
Similar findings to those in Landau-Kleffner syndrome are observed in the syn- 
drome of continuous spike-and-wave discharges during slow wave sleep, with 
abnormalities in association cortices that are probably related to a disturbance of 
neuronal maturation [1132]. 

In few instances hemispherectomy is used to treat severe focal epileptic syn- 
dromes in childhood. Functional changes related to that treatment have been 
studied with PET and recorded in a case report suggesting extensive disease- 
related alterations and some reorganization of language and motor function 

[1133]- 



2.5.6 Language Dominance 

Determination of language dominance may be relevant prior to temporal resec- 
tions. It can be done by language activation studies with 15 0 -water [817, 820, 1134, 
1135], which are described in more detail in section 2.3.11.2 with reference to brain 
tumors. More recently, activation studies have mostly been performed with fMRI 
[1136-1142] rather than PET. Interpretation of functional activation studies should 
take into account the potential for functional plasticity in epileptic patients. They 
often acquire their brain lesions early in life, and language dominance may there- 
fore not be as clearly lateralized as in normal subjects [1143]. 

Functional activation of dysplastic motor cortex associated with epilepsia par- 
tialis continua has been observed [1144]. Abnormal activations of uncertain func- 
tional significance may occur in association with hyperperfused lesions. 



2.5.7 Effects of Surgical Intervention and Medical Treatment 

Remote reduction of CMRglc in TLE in ipsilateral inferior frontal cortex and bilat- 
eral thalamus was reversible after resection of the epileptogenic lesion [1145-1147]. 
In a case report on childhood epileptic encephalopathy (Lennox-Gastaut syn- 
drome) interictal temporal lobe unilateral hypometabolism disappeared corre- 
sponding to seizure control after callosotomy [1148]. 
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Most antiepileptic drugs reduce CMRglc, and these effects are very similar in 
normals and in patients with epilepsy (see also section 3.5.2). Barbiturates, includ- 
ing phenobarbital and primidone, cause the greatest decrease, by approximately 
37%, in global CMRglc. Valproate reduces global CMRglc to a greater extent (22%) 
than either phenytoin (13%) or carbamazepine (12%), while vigabatrin causes 
only an 8% reduction. In general, the decreases in CMRglc attributable to these 
medications parallel their neuropsychological effects, with barbiturates having 
the greatest effect on cognition. Valproate has been found decrease global CBF by 
15 %, vigabatrin by 13% [1149-1154]. 

The regional pharmacokinetics of antiepileptic drugs can also be studied with 
PET. This has been done for n C-labeled diphenylhydantoin, demonstrating that 
normal brain regions of medically resistant epileptic patients bind diphenylhy- 
dantoin as effectively as in nonepileptic patients [1155]. Clinical efficacy of 
antiepileptic drugs may be reduced by activation of P-glycoprotein, which trans- 
ports drugs back from brain to blood. The activity of P-glycoprotein, which may 
also be responsible for multiple drug resistance in tumors, can be studied with 
specific PET tracers (see section 2.3.6). 



2.5.8 Generalized Epilepsy 

Petit mal absences are a frequent manifestation of generalized epilepsy in child- 
hood. Patterns of CMRglc are normal and identical for ictal and interictal scans 
but a 2.5- to 3.5-fold diffuse ictal increase in global CMRglc is evident when ictal 
studies are compared with hyperventilation control studies in which no seizures 
occurred [1156]. FMZ binding was reported to be reduced in thalamus, but 
increased in cerebellum in generalized epilepsy [1157]. 

After provocation of serial absence seizures, there was increased n C-diprenor- 
phine elimination from the association cortex, but not from the thalamus. This 
suggests that endogenous opioids are released in the association cortex at the time 
of serial absences and lead to increased receptor occupancy [1158]. There is no 
interictal overall abnormality of opioid receptors in patients with childhood and 
juvenile absence epilepsy [1159]. 



2.6 Other Neurological Disorders 

2.6.1 Traumatic Brain Injury 

CMRglc is often reduced in patients with acute brain trauma and, as with other 
lesions, the extent of abnormalities is usually larger than that seen in CT and MRI 
[1160, 1161], although this may be due, in part, to partial volume averaging with 
unaffected tissue. In accordance with experimental findings [1162], FDG-PET in 
the subacute phase is correlated with outcome, but is judged not to improve pre- 
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diction beyond that possible on the basis of clinical and CT/MRI data, and corre- 
lation between changes of CMRglc and clinical recovery is poor [1163-1165]. 

Studies of oxygen metabolism often demonstrate highly inhomogeneous find- 
ings, including focal evidence of misery perfusion and hyperglycolysis in brain 
contusion [1166-1168]. Low oxygen metabolism is associated with impaired cere- 
brovascular autoregulation and poor prognosis [1169]. Hyperventilation may be 
used for treatment of increased intracranial pressure, but has been controversial 
because of associated reduction of CBR A PET study demonstrated that hyper- 
ventilation indeed produced large reductions in CBF but not energy failure, even 
in regions in which CBF fell below the threshold for energy failure defined in acute 
ischemia. Oxygen metabolism was preserved due to the low baseline metabolic 
rate and compensatory increases in OEF; thus, it was felt that these reductions in 
CBF were unlikely to cause further brain injury [1170]. An increase in CBF would 
be expected as the consequence of therapeutic elevation of cerebral perfusion 
pressure if autoregulation is impaired. In brain trauma patients, pericontusional 
CBF increased modestly with increased CPP; greater CBF increases in distant 
brain tissue suggested a more widespread disturbance of autoregulation [1171]. 

There is some evidence from activation studies that patients in the subacute 
phase of traumatic brain injury perform memory tasks using altered functional 
neuroanatomical networks (e.g., less thalamic and parietal and more frontal and 
occipital activation). These changes maybe the result of diffuse axonal injury and 
may reflect either cortical disinhibition attributable to disconnection or compen- 
sation for inefficient mnemonic processes [1172-1174]. Bilateral hypometabolism 
in hippocampus and anterior cingulate was observed in a patient with normal 
MRI and persistent posttraumatic amnesia [1175]. 

Some patients with whiplash injury experience persistent impairment of cog- 
nitive function of uncertain organic cause. Case reports suggest that PET could 
clarify the functional disturbance in some of these patients [ii76],but a systematic 
study has not established any significant relation between symptoms and PET 
findings [1177,1178]. 

2.6.2 Persistent Vegetative State 

Resuscitation and intensive care after hypoxic brain damage are often associated 
with uncertain outcome. Hypoxic brain damage may result in a vegetative state, 
which imposes a significant burden on physicians and relatives of patients and can 
involve enormous costs. Thus, one would wish to have better tools that could be 
applied early after hypoxic brain damage to predict prognosis. 

On the first day after severe hypoxic brain injury, cortical CMRglc metabolism 
is reduced by approximately 50 %, but it has not been possible to establish a rela- 
tion between the severity of metabolic impairment and outcome [242] (see also 
section 2.1.7.1). Even if coma persists for several weeks, substantial recovery is still 
possible, albeit rare. A method that could predict the best possible outcome would 
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be highly valuable, as it would help determine the intensity of therapeutic meas- 
ures to be used. Attempts have been made to establish whether PET could deliver 
such information, but measurements are difficult to perform in these critically ill 
patients and data interpretation is usually limited by small numbers. After hypoxic 
brain damage, global CMRglc is usually drastically decreased (by approx. 50 %) in 
patients in a vegetative state and to a lesser degree (by approx. 25%) in conscious 
subjects. Most frequently, the parieto-occipital cortex, which is the “frontier” 
between vertebral and carotid arterial territories, frontomesial junction, striatum 
(in association with dystonia), and visual cortex are affected most severely, 
whereas the cerebellum, and in particular the vermis cerebelli, appears to be rela- 
tively spared [1179-1182]. In some vegetative patients with behavioral fragments, 
segregated corticothalamic networks that retain connectivity and partial func- 
tional integrity have been observed [1183]. 

Neuronal loss has been studied with n C-flumazenil PET. In the chronic state a 
considerable reduction of BZR-binding sites below normal values was docu- 
mented in all cortical regions [1181] (Fig. 2.44). The reduction of FMZ binding 
grossly corresponds to the extent of reduction of cerebral glucose metabolism 
assessed with FDG-PET, whilst the cerebellum is spared from neuronal loss [1184]. 

Reactivity to external stimuli can be determined by activation studies. 
Increased regional activity (CBF) was found mainly in the posterior insula and in 
parietal cortex with electrical nociceptive stimulation in long-term postanoxic 
vegetative state, although some of these patients did not show electrophysiologi- 
cal responses to these stimuli and had severe impairment of resting CMRglc [1185]. 
This suggests that a residual pain-related cerebral network remains active at the 
cortical level, although this probably does not imply any involvement of conscious 
processing. Significant cortical activation of CBF was also elicited in vegetative 
patients by auditory click stimuli. However, this activation was limited to primary 
cortices and dissociated from higher order associative cortices, thought to be nec- 
essary for conscious perception [1186]. Cognitive stimulation paradigms may pro- 
vide prognostically more relevant information. In two apparently unconscious 
patients clear regional CBF responses were observed during well- documented 
activation paradigms (face recognition and speech perception), which was fol- 
lowed by significant clinical recovery after a few months [1187]. 



2.63 Perinatal Brain Damage 

Global brain CMRglc is very low in preterm infants (8.8 pmol/ioo g per min) [1188] 
and infants with hypoxic brain damage [1189] . Higher values (18-35 pmol/ioo g per 
min) that correlated with outcome were observed in another study [1190]. In 
infants with perinatal hypoxic-ischemic brain damage, FDG accumulated most 
actively in the subcortical areas (thalami, brain stem and cerebellum) and the 
sensorimotor cortex during the neonatal period. Follow-up PET studies showed 
that the uptake of FDG was high and increased in all brain areas of infants with 
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normal development, whereas those with delayed development had significantly 
lower values [1191]. 

The most frequent finding in infants with perinatal asphyxia was a relative 
deficit in CBF in parasagittal regions, i.e., the cerebrovascular watershed regions, 
suggesting that the brain injury is basically ischemic [1192] and that the patho- 
genesis relates to impaired cerebral perfusion, perhaps secondary to systemic 
hypotension occurring in association with perinatal asphyxia. This mechanism 
may also be responsible for intraventricular hemorrhage with hemorrhagic intra- 
cerebral involvement, because extensive areas of severely reduced CBF were also 
found in these infants [1193, 1194]. Preterm infants tend to have lower CBF than 
infants born at term. Thresholds of CBF and CMR 0 2 for irreversible brain damage 
appear to be lower in infants than in adults, and CBF values of less than 10 ml/100 g 
per min can be survived without major neurological deficits [1195, 1196]. 



2,6.4 Inflammatory Disease 

Studies of CMRglc in encephalitis demonstrate major differences depending on 
how acute the inflammation is. In the acute phase, focal increase of CMRglc and 
CBF has been observed in herpes simplex encephalitis [1197, 1198], and limbic 
encephalitis [1104, 1199, 1200], probably reflecting the metabolic needs of inflam- 
mation rather than neuronal function. Acute brain abscesses may also be accom- 
panied by high glucose metabolism (similar to that seen with malignant brain 
tumors), probably reflecting anaerobic glycolysis by macrophages [1201-1203]. 

In the chronic phase, when there is no longer acute tissue inflammation, focal 
and remote areas of hypometabolism are usually seen (Fig. 2.45). A pattern of 
inhomogeneous areas of hyper- and hypometabolism that changes with progres- 
sion of the disease has also been observed in subacute sclerosing panencephalitis 
[1204-1206]. 

Rasmussen’s encephalitis, a progressive encephalitis, has similar findings. It is 
characterized by glucose hypometabolism in the affected hemisphere [1207, 1208]. 
Within this hemisphere, there maybe discrete foci of hypermetabolism that could 
be related to seizure activity [1209]. Focal and diffuse increase in binding of 
n C-PKni95 has been observed throughout the affected hemisphere, correspon- 
ding to activated microglia [1100]. Hemispherectomy maybe needed to control the 
severe seizures that accompany this disease. Postsurgical reversibility of hypome- 
tabolism in the nonresected prefrontal cortex and cognitive improvement was 
observed in one case, illustrating recovery of functionally impaired tissue after 
removal of the primary lesion [1210]. 

The activation of microglia in herpes simplex encephalitis has been de- 
monstrated by extensive increased binding of n C-PKni95. In contrast to a more 
transient increase of CMRglc in inflammatory lesions, this increased binding may 
persist many months (>12) after successful antiviral treatment [1211]. 
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! FDG-PET {left) and corresponding CT (right) of cerebral toxoplasmosis, showing low 
FDG uptake in contrast-enhancing lesion (red arrow) accompanied by a severe reduction of 
CMRglc in structurally intact frontal cortex (yellow arrow) 



Multiple sclerosis (MS) may be associated not only with demyelinating lesions 
in white matter, which are detected with high sensitivity by MRI, but also with 
neuronal dysfunction and eventual neuronal loss, which can be detected by PET 
with progression of disease [1212]. There is no general alteration of cortical metab- 
olism in MS, but asymmetry may be increased [1213]. CMR 0 2 is reduced in patients 
with cerebral atrophy, cognitive impairment or a high number of relapses [1214, 
1215]. Fatigue is associated with frontal cortex and basal ganglia CMRglc reduction 
[1216]. 

Active MS lesions show increased uptake of 68 Ga-EDTA [1217] and of 55 Co 
[1218], probably as a consequence of BBB damage. An increase of peripheral ben- 
zodiazepine receptor-binding capacity, which is typical for activated microglia, is 
found during relapse, even in white matter that has appeared normal on MRI 
[1219, 1220]. Compared with normal white matter, lesions may show increased 
CMRglc [1221]. 

Predominantly global reduction of CMRglc is found in Lyme disease, which 
may produce symptoms similar to MS [1222]. 

Reductions of cortical CMRglc and CBF have also been found in cerebral lupus 
erythematosus, which may produce MS-like symptoms, extrapyramidal move- 
ment disorders and psychiatric symptoms [1223-1225]. Reductions are typically 
found in patients with neuropsychiatric symptoms, even when MRI findings are 
normal [1226]. Parieto-occipital regions are most commonly affected, followed by 
parietal regions [1227]. Increased binding of n C-PK-ni95 has been observed in 
cerebral vasculitis with focal epilepsy [1101]. 
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2.6.5 Pain 

Pain accompanies many diseases as a symptom, but can also occur as a disease in 
its own right in chronic pain syndromes. Effective treatment of pain is one of the 
primary goals of clinical medicine, and a better understanding of its pathophysi- 
ology probably is essential for progress, especially in the chronic pain disorders. 

The functional neuroanatomy of cerebral pain processing has been studied 
with measurements of CBF and CMRglc during various kinds of painful stimula- 
tion in normals [1228-1234, 1234-1245]. Relative regional activations were accom- 
panied by a global decrease of CBF (by approx. 22%) not due to hyperventilation 
[1246]. Relative CBF increases to noxious stimuli are almost always observed in 
second somatic (SII) and insular regions, and in the anterior cingulate cortex 
(ACC), and with slightly less consistency in the contralateral thalamus and the 
primary somatic area (SI). Activation of the lateral thalamus, SI, SII and insula are 
thought to be related to the sensory-discriminative aspects of pain processing. 
There appears to be a gender difference, with greater activation of the contralat- 
eral insula and thalamus in female subjects [1247]. ACC does not seem to be 
involved in coding stimulus intensity or location, but appears to participate in 
both the affective and attentional concomitants of pain sensation, as well as in 
response selection. Subdivisions of the ACC and their relevance for pain process- 
ing have been studied in detail [1248, 1249]. ACC can also be activated by an illu- 
sion of pain [1250]. Activation of the insula was associated with allodynia in 
mononeuropathic pain [1251] and with muscle pain [1252] in one study, whereas in 
another, a medial thalamic pathway to the frontal lobe was activated by heat allo- 
dynia [1253] . Activation by phantom limb pain was found to be very similar to that 
by actual painful stimuli [1254]. Although some small differences were observed 
between patients with nonspecific low back pain and controls during painful stim- 
ulation, these were not considered sufficiently striking to suggest abnormal noci- 
ceptive processing [1255]. 

The key role of the thalamus in processing pain was seen in patients with a 
chronic pain syndrome who had reduced CBF in contralateral thalamus that nor- 
malized with effective therapy by percutaneous high cervical cordotomy [1233, 
1256]. PET during thalamic stimulation for pain treatment revealed significant 
activation of the thalamus in the region of the stimulating electrodes, as well as 
activation of the insular cortex ipsilateral to the electrodes [1257]. Differences 
between acute and chronic pain were observed in another patient with thalamic 
stimulation. Chronic pain was associated with CBF increases in the prefrontal and 
anterior insular cortices, hypothalamus and periaqueductal gray, whereas short- 
term thalamic stimulation increased CBF in the amygdala and anterior insular 
cortex [1258]. 

The relevance of affective processing in ACC for chronic pain syndromes has 
been demonstrated in patients with atypical facial pain, who had higher blood 
flow (than controls) in the ACC and decreased blood flow in the prefrontal cortex 
during painful stimulation [1259]. In contrast to patients with neuropathic pain, 
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patients with chronic rheumatoid arthritis or acute post-dental extraction pain 
showed reduced ACC activation [1260, 1261]. Relief from chronic neuropathic pain 
has also demonstrated the involvement of bilateral anterior insula, posterior pari- 
etal, lateral inferior prefrontal, and posterior cingulate cortex [1262]. With motor 
cortex stimulation for pain control, CBF in ACC increased in patients with good 
analgesic efficacy, while it decreased in those with poor clinical outcome [1263, 
1264]. Similar effects were also seen with thalamic stimulation [1263], with elec- 
trostimulation of the trigeminal ganglion [1266], and with both opioid and 
placebo analgesia [1267]. 

A related but more complex pattern emerged in a study of the analgesic effect 
of fentanyl. Fentanyl increased CBF in the ACC and contralateral motor cortices, 
and decreased rCBF in the thalamus (bilaterally) and posterior cingulate during 
both noxious and nonnoxious thermal stimuli. During combined pain stimulation 
and fentanyl administration, fentanyl significantly augmented pain-related rCBF 
increases in the supplementary motor area and prefrontal cortex. This activation 
pattern was associated with decreased pain perception, as measured on a visual 
analogue scale, suggesting that ACC activation alone cannot explain the analgesic 
effect [1268]. Hemispheric asymmetry was observed in a study of electrical 
extradural precentral gyrus stimulation in trigeminal neuropathy. Increased 
regional CBF was detected in the right caudal ACC and anterior limbic thalamus 
during the chronic pain state, in comparison with the pain-alleviated state, regard- 
less of the side where the neuropathy occurred [1269]. 

The relevance of endogenous opioids and their receptors for pain perception is 
obvious. In a study of healthy volunteers with u C-carfentanil, sustained pain 
induced the regional release of endogenous opioids interacting with p-opioid 
receptors in a number of cortical and subcortical brain regions. The activation of 
the p-opioid receptor system was associated with reductions in the sensory and 
affective ratings of the pain experience, with distinct neuroanatomical localiza- 
tion [1270]. Similar findings were observed in the contralateral thalamus, consis- 
tent with competitive binding between u C-carfentanil and acutely released 
endogenous opioid peptides in response to a painful stimulus [1271]. In another 
study, men demonstrated larger magnitudes of p-opioid system activation than 
women in the anterior thalamus, ventral basal ganglia, and amygdala. Conversely, 
women demonstrated reductions in the basal state of activation of the p-opioid 
system during pain in the nucleus accumbens, an area that was previously associ- 
ated with hyperalgesic responses to the blockade of opioid receptors in experi- 
mental animals [1272]. Alfentanil (a p-opioid receptor agonist) reduced subjective 
pain intensity and the associated striatal dopamine release (measured with n C- 
raclopride) that was associated with a mechanical pain stimulus [1273]. 

In patients with trigeminal neuralgia, the volume of distribution of n C- 
diprenorphine binding was significantly increased after thermocoagulation of the 
relevant trigeminal division, suggesting an increased occupancy by endogenous 
opioid peptides or down-regulation of binding sites during trigeminal pain [1274]. 
In a patient with central poststroke pain that had developed after a small pontine 



2.6 Other Neurological Disorders 121 



hemorrhagic infarction, reduced u C-diprenorphine binding was more accentu- 
ated than glucose hypometabolism on the lateral cortical surface contralateral to 
the symptoms and a differential abnormal distribution between the tracers was 
seen in pain-related central structures [1275]. 

An alteration of the dopaminergic system with reduced FDOPA uptake and 
increased binding of n C-raclopride in putamen was observed in a unique pain 
syndrome, the burning mouth syndrome, which is probably not comparable to 
other pain syndromes [1276, 1277]. 

The sympathoneural imaging agent 6- l8 F-fluorodopamine was used to visual- 
ize sympathetic innervation, and 13 N-ammonia to visualize local perfusion of 
the extremities, in patients with painful diabetic neuropathy. The results provided 
evidence for regionally selective sympathetic denervation [1278]. 



2.6.6 Migraine and Cluster Headache 

Migraine is a very common type of headache with unknown etiology, associated 
with a functional disorder of the brain [1279]. There are familial forms that have 
been associated with neuronal channelopathies [1280], and there is evidence for 
release of vasoactive neuropeptides from perivascular nerve terminals. Serotonin 
(5-HT lB ) receptor agonists, the tryptans, provide effective treatment in most 
patients. Classic migraine attacks have a sequence of symptoms, beginning with 
neuronal dysfunction (aura, typically with visual field abnormalities, more rarely 
with other neurological deficits, such as hemiparesis), which are followed by pul- 
sating headache and nausea. Rather diverse functional imaging findings have been 
observed [1281, 1282], and it is very likely that the inconsistency of findings is 
related to timing of measurement during the rapid sequence of functional events 
in this disease. 

PET studies with a- n C-methyl-L-tryptophan, show increased uptake in patients 
with migraine, and provide some evidence of increased regional serotonergic 
activity [1283, 1284]. No abnormalities of 5-HT 2 receptors were found in cerebral 
cortex of migraineurs studied using l8 F-fluorosetoperone [1285]. 

PET studies of CBF and CMR 0 2 at baseline, during aura and headache, and after 
treatment with sumatryptan showed reduced CBF and CMR 0 2 in primary visual 
cortex during the aura phase only [1286]. A reduction in CMRglc was observed 
in reserpine-induced headache and visual disturbance in patients with migraine 
[1287]. Functional abnormalities in familial hemiplegic migraine can persist over 
several days, and a corresponding reduction of CMRglc (without associated 
changes of CBF) in the affected hemisphere has been observed [1288]. The find- 
ings support the concept of a primary neuronal dysfunction that causes neuro- 
logical deficits in migraine and that may trigger subsequent vascular dysregula- 
tion. 

In one study, increased CBF in the brain stem was observed during migraine 
attacks [1289]. Brain stem activation was not observed in an acute trigeminal pain 
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state that was elicited in normal volunteers by a small amount of capsaicin admin- 
istered subcutaneously in the right forehead [1238]. 

Cluster headache is characterized by short but very severe attacks of unilateral 
headache that are accompanied by vegetative symptoms. It is regarded as a vascu- 
lar pain syndrome that has similarities with migraine, but also clear differences 
[1290]. In the acute pain state, activation is seen in the ipsilateral inferior hypo- 
thalamic gray matter, the contralateral ventroposterior thalamus, the anterior cin- 
gulate cortex, and bilaterally in the insula, but not in the brain stem [1291, 1292]. 



2.6.7 Narcolepsy 

Narcolepsy is characterized by abnormal daytime sleepiness and intrusion of 
rapid eye movement sleep phenomena into waking. Recent advances provide com- 
pelling evidence that narcolepsy may be a neuro degenerative or autoimmune dis- 
order resulting in a loss of hypothalamic neurons containing the neuropeptide 
orexin (also known as hypocretin) [1293]. There are no known positron-emitting 
tracers for this transmitter system. Earlier studies investigated Di and D2 receptors 
[1294-1297] and muscarinic receptors [1298], but did not reveal any abnormalities. 



2.6.8 Hypoparathyroidism (Fahr's Disease) 

The disease is characterized by progressive calcification and degeneration of the 
basal ganglia, cerebellar dentate nucleus, and other brain structures, leading to 
movement disorders and cognitive impairment. Although calcifications are rather 
localized, reduction of CMRglc is much more widespread and corresponds to clin- 
ical symptoms [1299, 1300]. 



2.6.9 Systemic Inherited Metabolic Disorders 

Many brain metabolic disorders are associated with reduced energy metabolism, 
which is associated in turn with impaired brain function, irrespective of the pri- 
mary metabolic cause. For instance, global reduction of cortical CMRglc was 
found in type I alpha-N-acetylgalactosaminidase deficiency [1301]. Even in 
Duchenne muscular dystrophy, in which the primary manifestation is in muscle, 
CMRglc is decreased [1302]. Global reduction of CMRglc is also found in myotonic 
dystrophy [1303-1305], which is an autosomal dominant disorder characterized by 
myotonia, muscular dystrophy, cataracts, and hypogonadism caused by an ampli- 
fied trinucleotide repeat in the untranslated region of a protein kinase gene on 
chromosome 19. Uncoupling of blood flow and oxygen metabolism in the cerebel- 
lum is observed in type 3 Gaucher disease [1306]. 
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FDG-PET (orthogonal slices through basal ganglia) in a newborn infant with acute 
severe mitochondrial encephalopathy (Leigh's disease) due to a complex-1 deficit. CMRglc is 
massively increased up to 250pmol/100g per min (see color scale, normal gray values are 
40-60 p mol/1 00 g per min), in particular in the basal ganglia with subsequent tissue necrosis 
and death 



Increased CMRglc is observed in Turner’s syndrome (lack of one X chromo- 
some or part of one X chromosome and of endogenous estrogen). However, nor- 
malized metabolism is significantly reduced in the insula and association neocor- 
tices bilaterally, which may be related to social-behavioral problems in these 
patients [1307]. 

Some metabolic disorders affect primarily the basal ganglia, with subsequent 
impairment also in cortex and cerebellum. Among these disorders is Leigh’s 
disease, which leads to lactacidosis [1308], methylglutaconic aciduria [1309], and 
propionic acidemia [1310]. They may initially cause striatal hypermetabolism, 
(Fig. 2.46), indicating abnormally activated or nonoxidative metabolism, which 
then declines to abnormally low levels as striatal neurons degenerate. At later dis- 
ease stages, metabolism of the whole brain is severely impaired. 



2,7 Psychiatric Disorders 

In the past, neurobiological research in psychiatry has been limited largely to the 
study of genetic traits, metabolic and endocrine alterations in blood and CSF, elec- 
trophysiological recordings, and the study of macroscopic and microscopic alter- 
ations of brain structure. There has been extensive discussion of the psychologi- 
cal abnormalities that accompany and can contribute to these diseases. In contrast 
to neurology, where postmortem and experimental studies laid a solid ground for 
classification and understanding of the essential pathophysiological alterations in 
most neurological diseases, this has been far more difficult for such psychiatric 
diseases as depression, schizophrenia, anxiety and personality disorders, and 
addiction. 
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Functional imaging, and in particular PET, opens up entirely new possibilities 
for the study of in vivo alterations of brain function that may underlie these dis- 
orders. Thus, we can now explore the neurobiological changes that accompany the 
mental and behavioral alterations in psychiatric diseases, their clinical course, and 
their changes during therapeutic interventions. They can be compared to molec- 
ular and biochemical indicators of genetic predisposition. 

Those parts of the human brain that support neurological function underwent 
relatively little change during mammalian evolution. Thus, studies in experimen- 
tal animals contribute a great deal to our understanding of diseases in these parts 
of the brain. However, prefrontal cortex and parts of the limbic system underwent 
major changes during human phylogenetic development, and the contribution of 
animal experiments to our understanding of their functions in humans is there- 
fore limited. Thus, functional imaging studies of the prefrontal cortex [1311] and 
the limbic system are at the core of functional neuroimaging research in psychia- 
try. 

Studies of brain function employing measurements of CBF or energy metabo- 
lism have provided considerable insights into functional abnormalities, often 
affecting frontal or limbic brain structures, but they are also plagued by wide vari- 
ability. There are many sources for that variability, including inhomogeneity of 
clinical diagnostic groups, variability of current state (e.g., anxiety) [1312], influ- 
ences of prior treatment [1313], different underlying genetic traits in different 
study populations, differences in ambient conditions, and the difficulty of control- 
ling mental processes during examination. Thus, progress is expected to be slow, 
as all these factors need to be sorted out in careful experimental and clinical stud- 
ies. In this volume, studies are only briefly summarized and it is not possible to dis- 
cuss details of interpretation, for which the reader is referred to specialized review 
articles. 



2.7.1 Depression 

Depression is a very common disease with a lifetime prevalence of about 15 %, and 
it is very likely that some biological disorder contributes substantially to its etiol- 
ogy [1314]- Recent postmortem reports of cytoarchitectural alterations in pre- 
frontal cortices in affective disorders, characterized by a decrease in the number 
or density of glia or size and density of some neuronal populations, putatively 
reflect aberrant neurodevelopment or cellular plasticity [1315]. The episodic 
nature of depression and the responsiveness to treatment permit functional imag- 
ing with PET in both early and later stages of depression and therefore could con- 
tribute to the clarification of biological alterations in depression. Besides studies 
of CBF and CMRglc at rest and during various activation paradigms, the function 
of the serotonergic system is of particular interest, because the action of the most 
effective antidepressant drugs is to increase serotonergic neurotransmission. 
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2.7.1 .1 Cerebral Blood Flow and Cerebral Metabolic Rate (Glucose) 

There have been many studies of resting CBF and CMRglc in depression, with 
varying results that are not easily understood or interpreted. Differences between 
studies may be ascribed to differing subject selection, symptom profiles, clinical 
states, medication status, and image acquisition (for reviews see [1316-1319] ). A key 
focus of functional imaging with PET in major depressive disorders has been the 
differences from normal controls in brain function at baseline. Furthermore, stud- 
ies have been aimed at elucidating changes before the initiation of and after 
response to specific pharmacotherapy and detecting differences in regional brain 
activity associated with particular depressive symptom factors [1320-1325]. A 
number of PET studies have identified primarily the prefrontal cortex, the tempo- 
ral lobes, the cingulate cortex, and related parts of the basal ganglia and thalamus 
as an important neural correlate of depressive disorder. Specifically, the dorsolat- 
eral prefrontal cortex (DLPFC) has been found to show decreased activity in acute 
major depression (Fig. 2.47), whereas the ventrolateral prefrontal cortex (VLPFC) 
has most commonly been found to reveal increased activity. Hemispheric asym- 
metries have been noted, with predominantly left-sided impairment in some stud- 
ies [1326, 1327] and right-sided impairment in others [1328]. 

Furthermore, blood flow and glucose metabolism in the prefrontal cortex have 
been found to be inversely correlated with disease severity [1326, 1329, 1330] . A cor- 
relation between left amygdala metabolism and stressed plasma cortisol levels is 
observed in depressive patients [1331]. Impairment in frontal metabolism appears 
to be common to different types of depression [1332], including drug-induced 
depression [1333] and secondary depression [1334]. 

There are many indications that alterations of CBF and CMRglc are more 
closely related to the affective and cognitive state during the examination than to 
the disease trait. Studies have revealed that variations in cerebral metabolic abnor- 



i 1 ; Brain areas 
(marked by red color) with 
significant reduction of 
normalized CMRglc in a 
group of 84 patients with 
major depression, uni- 
polar type, compared with 
an age-matched control 
group. (Courtesy of Dr. V. 
Holthoff,TU Dresden, 
Germany) 
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malities in prefrontal cortex activity may mediate different clusters of depressive 
symptom profiles [1319, 1335, 1336]. For example, hypoactivity of the dorsolateral 
prefrontal cortex has been firmly linked to psychomotor retardation and anhedo- 
nia [1337, 1338]. In normals, self-induced dysphoria leads to bilateral inferior and 
orbitofrontal activation in women, whereas men display predominantly left-sided 
activation in these areas [1339] A recent study in normals demonstrates a shift in 
limbic and neocortical activity upon self-induced dysphoria [1340]. In another 
study, left hippocampal dysfunction was associated with major depressive 
episodes not only in patients with depression, but also in those with obsessive- 
compulsive disorder [1327]. Thus, such studies provide insight into the neural net- 
works involved in the regulation of affect and emotion that are dysfunctional in 
depression [1317,1341-1344]. 

Pre- to posttreatment PET studies have indicated that these abnormalities in 
patients with ongoing affective symptoms resolve with successful treatment, but 
reports have been heterogeneous. Bench et al. followed patients from acute 
depression to the state of clinical remission and formulated the original concept 
of reversibility upon remission [1319] . Recovery from depression is associated with 
increases in regional blood flow in the left DLPFC and medial prefrontal cortex 
including anterior cingulate, the same areas in which focal decreases were 
described in the depressed state compared with normal controls. Results of later 
studies suggest an increase in DLPFC [1345, 1346] and a decrease in VLPFC [1325, 
1330, 1343] with a variety of antidepressant pharmacotherapy or upon remission. 
In addition, studies have indicated that functional imaging data may predict clin- 
ical response to antidepressant treatment according to the distribution and also 
direction of aberrant brain activity [1320, 1325, 1347-1350]. High rostral anterior 
cingulate metabolism has been described as a predictor of good treatment 
response [1320, 1351], and this finding has been confirmed and extended in another 
study, which has shown that improvement of major depressive disorder symptoms 
is significantly correlated with lower pretreatment metabolism in the amygdala 
and thalamus and with higher pretreatment metabolism in the medial prefrontal 
cortex and rostral anterior cingulate gyrus [1332]. In vivo challenge designs for the 
serotonergic system have been proposed to predict treatment outcome [1353]. A 
recent study in patients suffering unipolar depression revealed significant 
regional decreases in brain metabolism upon remission with respect to their base- 
line scan in left prefrontal and anterior temporal regions, left anterior cingulate 
cortex, bilateral putamen, thalamus and cerebellum. There was significant asym- 
metry in prefrontal and anterior cingulate metabolism, with lower metabolism in 
the left hemisphere that persisted despite clinical remission [1354]. 

Cognitive performance is often impaired in depression [1355]. It is associated with 
reductions in frontomesial or frontolateral CMRglc [1328, 1356, 1357], at least in 
unipolar depression (Fig. 2.48). The issue is particularly relevant in late-life depres- 
sion, because depression may be a risk factor for dementia [1358, 1359] and may be 
related to vascular lesions [1360]. Differentiation of the metabolic changes related to 
depression from those related to dementia is therefore an issue for ongoing studies. 
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Almost normal FDG-PETin a 60-year-old female patient with acute major depression 
(score 27 on 21 item Hamilton Depression Scale) associated with mild cognitive impairment 
(MMSE 24).There is a mild reduction of left frontal CMRglc (arrow) compared with the right side. 
This is clearly a different picture from that seen in early Alzheimer disease (which could lead to 
a similar MMSE score). (Courtesy of Clinic for Nuclear Medicine, PET Center Rossendorf, Germany, 
Dr. B. Beuthien-Baumann) 



2.7.1. 2 Serotonin Receptors 

Abnormalities of 5-HT lA receptors have been described in depression. With PET 
ligands, a substantial reduction of the binding potential is found in the raphe and 
in the mesiotemporal cortex, and to a lesser extent also in other cortical areas 
[1361, 1362]. The magnitude of these abnormalities is most prominent in bipolar 
depressives and in unipolar depressives with bipolar relatives. The reduction does 
not depend on previous treatment with serotonin reuptake inhibitors [1363]. 

Some beta adrenergic receptor blockers (e.g., pindolol, penbutolol, and terta- 
tolol, and also buspirone) that may be useful for augmentation of antidepressive 
therapy compete with 5-HT lA ligands at the receptors [1364-1367]. These effects 
are now also being studied in a more experimental setting with PET in small ani- 
mals [1368]. Pindolol exhibits an in vivo selectivity for the 5-HT lA autoreceptors at 
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the dorsal raphe nuclei, which appears advantageous for augmentation [1369]. High 
receptor binding has been observed with the novel full agonist DU125530 [1370]. 

No change of the 5-HT 2A receptor binding potential (BP) has been found in 
depression of old age [162]. One study with l8 F-setoperone suggests that treatment 
by SSRIs could induce up-regulation of frontal 5-HT 2A receptors [1371], whereas 
another study has found down-regulation after 6 weeks’ paroxetine treatment in 
young depressive patients [1372]. 



2.7.1 .3 Serotonin Transporters 

Measurement of serotonin transporter (SERT) BP is of particular interest in 
depression, because it has recently been reported that a SERT promoter polymor- 
phism may predispose to depression after stressful life events [1373]. Binding 
potential of SERT in the thalamus was significantly increased in patients with 
depression, whereas BP in the midbrain was normal [1374]. 

In a combined analysis of several long-term studies with n C-McN5652 PET, 
clinical doses of clomipramine and fluvoxamine occupied approximately 80% of 
SERT. A daily dose of 10 mg of clomipramine hydrochloride is enough to achieve 
that level of occupancy in vivo, whereas 50 mg fluvoxamine is needed for the same 
effect [1375]. High SERT occupancy was also observed after 3-6 months of contin- 
uous treatment with paroxetine [1376]. 



2.7.1 .4 Other Transmitter Systems 

Left caudate dopamine function as measured with FDOPA differs between 
depressed patients with psychomotor retardation and those with impulsivity, sug- 
gesting a link between dopamine hypofunction and psychomotor retardation in 
depression [1377]. 

Bupropion is thought to treat major depression by blocking the dopamine 
transporter (DAT), because bupropion appears to have a selective affinity for the 
DAT. However, bupropion treatment occupies less than 22-26 % of DAT sites, sug- 
gesting that there is another mechanism involved in clinical treatment action 

[1378, 1379]- 



2.7.2 Fatigue 

Fatigue can accompany depression and many other diseases, particularly cancer, 
but can also occur without identifiable cause. It is often difficult to classify clini- 
cally, because it can also be closely related to motivation and other psychological 
aspects. Reductions in CMRglc or CBF in anterior cingulate and orbitofrontal cor- 
tex, similar to but not as pronounced as those in depression, have been found in 
chronic fatigue syndrome [1380, 1381]. The data could indicate that the two dis- 
eases are closely related. 
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In cancer patients [1382], cortical hypometabolism has been observed as a con- 
sequence of chemotherapy or cerebral irradiation [1383, 1384], and it has also been 
linked to immunological factors, such as natural killer cell activity [1385, 1386]. 
Prefrontal cortical hypometabolism is also observed during low-dose interferon 
alpha treatment of hepatitis C, which can cause some degree of depression as a 
side effect [1387]. 



2.7.3 Schizophrenia 

The search for an organic cause of this devastating and common psychotic disor- 
der has motivated many PET studies. Since the pioneer isotope CBF studies by Ing- 
var and Franzen (1974, cited in [1401]), a dysfunction of the frontal lobe 
(“hypofrontality”) has been a major research issue. From that starting point, a 
broad field of specific research issues has grown and has recently been reviewed 
[1388]. Since a large number of antipsychotic drugs are dopamine antagonists, and 
dopamine agonists may induce psychosis in normal individuals, studies of alter- 
ations of the dopaminergic system are at the core of many PET studies in schizo- 
phrenia [1389]. 



2.7.3. 1 CBF and Energy Metabolism 

Reduced frontal CBF or metabolism at rest or during a simple attention task has 
been observed in several PET studies [1390-1396], but not consistently in all stud- 
ies [1397-1401]. Clinical patient characteristics found to be linked to hypofrontal- 
ity are negative symptoms [1402], psychomotor poverty [1337], anxiety [1403], and 
treatment with neuroleptics [1404, 1405]. Further reduction of CMRglc is seen 
after the administration of amphetamines [1406, 1407], but the effect is smaller in 
patients with prominent negative symptoms [1408]. Abnormally low CMRglc in 
schizophrenia is also reported in the mediodorsal thalamic nucleus [1409]. 

Few studies have addressed the issue of the relationship between specific symp- 
toms of psychosis and local brain function [1410]. A PET study performed during 
auditory verbal hallucinations demonstrated activation of thalamus, striatum, 
limbic structures, and temporoparietal association cortex [1411]. In an FDG-PET 
study comparing patients with and without auditory hallucinations, hallucination 
scores correlated with relative metabolism in the striatum and anterior cingulate 
regions [1412]. 



2.73.2 Activation Studies 

Hypofrontality was not only found in single state subjects compared with controls, 
but also with functional activation of frontal cortex during specific tasks 
[1413-1415] . During high workload in a working memory task, patients show worse 
performance and less activation than normal controls [1416]. Left frontotemporal 
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activation during episodic encoding and retrieval is disrupted in schizophrenia 
despite relatively intact recognition performance and right prefrontal func- 
tion [1417]. Reduced activation is not only seen in frontal cortex, but also in other 
association areas, including temporal cortex and precuneus, and in cerebellum 
[1415, 1418]. Remission of hypofrontality is observed with recovery from acute 
schizophrenia [1414], suggesting that hypofrontality is more a state than a trait 
marker. 

Schizophrenia is probably associated with a complex rearrangement of func- 
tional networks, rather than with simple localized dysfunction. For instance, bet- 
ter WCST performance is correlated with CBF increase in prefrontal regions for 
controls and in the parahippocampal gyrus for patients [1419]. During a working 
memory task, dorsolateral prefrontal activation is observed around the right supe- 
rior frontal sulcus in healthy subjects, and ventrolateral prefrontal activation 
below the right inferior frontal sulcus is observed in schizophrenic patients [1420] . 
In a verbal fluency study, patients show the same pattern of activation as control 
subjects in most frontal brain regions, but they fail to show the normal decrease in 
blood flow when verbal fluency is compared with word repetition [1421]. 

In healthy volunteers, ketamine-induced psychosis is associated with focal acti- 
vation (rather than deactivation) of the prefrontal cortex [1422]. Interregional cor- 
relation studies reveal strong frontostriatal connections in controls, but weak 
frontostriatal links in schizophrenic patients [1423]. 



2. 7. 3. 3 Dopamine Receptors and Dopamine Release 

A major controversy arose after a claim emerged, on the basis of studies with n C- 
methylspiperone with and without preloading by haloperidol, that the D2 recep- 
tor binding capacity was increased in schizophrenia [1424, 1425]. This claim was 
refuted using the more specific ligand RAC [1426]. Most subsequent studies have 
not found any significant abnormality in drug-naive patients [1427-1430]. The 
controversy has not yet been entirely resolved, but it appears that the ^-methyl- 
spiperone finding is not specific for schizophrenia [1431]. 

Findings are also partially discordant with regard to Di receptors. Although 
it is agreed that there is no abnormality in striatum, one study employing n C- 
SCH23390 has found a decreased Di receptor-binding capacity in prefrontal cor- 
tex, which was correlated with negative symptoms [1430]. In another study with 
n C-NCCii2, increased binding in dorsolateral prefrontal cortex was a strong pre- 
dictor of poor performance in a test of working memory [1432]. 

Dopamine release induced by amphetamine and measured with RAC appears 
to be increased during symptomatic schizophrenia [1433, 1434], but seems to nor- 
malize in remission [1435]. There is also evidence of increased baseline occupancy 
of D2 receptors by dopamine in schizophrenia, because RAC binding is increased 
in schizophrenics during pharmacologically induced acute dopamine depletion 
[1436]. This finding predicts a good clinical response to antipsychotic drugs. It cor- 
responds well with observations of increased AAAD activity measured by FDOPA- 
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PET [1437-1441]. Increased dopamine synthesis and release do not seem to be due 
to an increase in dopaminergic neurons; dopamine transporter binding is normal 
in schizophrenics [1442]. 



2.7.3.4 Other Receptors 

The serotonergic system may also be altered in psychosis, as indicated by seroton- 
ergic actions of hallucinogenic drugs [1443]. Most PET studies on serotonin recep- 
tor-binding capacity in schizophrenia have found no abnormality for 5-HT 2A 
receptors [1444-1446]. Only in one small sample has reduced 5-HT 2A -binding 
capacity been observed in the frontal cortex [1447]. Increased binding capacity 
has been observed for temporal 5-HT lA receptors [1448]. 



2. 7.3. 5 Receptor Binding of Antipsychotic Drugs 

As demonstrated with RAC-PET, neuroleptic drugs lead to 60-85% occupancy of 
striatal dopamine receptors at clinically effective doses [1449]. The atypical neu- 
roleptics clozapine and quietapine tend to show somewhat lower occupancy, with 
considerable interindividual variability even at high doses [1450-1453]. Some 
other atypical neuroleptics, such as olanzapine[i454, 1455] and risperidone [1456, 
1457] , have similar properties but tend to show higher D2 receptor occupancy close 
to those seen after typical neuroleptics at standard doses. It has been estimated 
that antipsychotic action requires a receptor occupancy of 60%, whereas extra- 
pyramidal side effects occur at 80% receptor occupancy or more [1458]. 

The time-course of receptor binding and the special properties of atypical neu- 
roleptics are also of interest. Clozapine and risperidone have higher Di, 5 -HTj and 
5-HT 2 receptor binding than do typical neuroleptics [1459-1464]. Receptor occu- 
pancy of clozapine does not show a close relation to plasma levels [1461]. The 
5-HT 2A receptor occupancy of quetiapine seems to be lower than that of clozapine 

[1465]. 

2.7.4 Anxiety Disorders 

PET studies of anxiety disorders should be seen against the background of neu- 
roanatomical models of fear and anxiety [1466]. Fear and anxiety in normal sub- 
jects have most frequently been associated with functional activations, mainly in 
amygdala, insula, anterior cingulate and orbitofrontal cortex [1467-1473]. Anxiety 
also is a personality trait that seems to be associated with low FDOPA uptake in 
the caudate [1474]. There is a significant negative correlation between 5-HT lA - 
binding potential and anxiety in dorsolateral prefrontal, anterior cingulate, 
parietal, and occipital cortex [1475]. So far, no evidence has been found for a link 
between anxiety trait or state and benzodiazepine receptor-binding capacity in 
neocortex or cerebellum [1476]. 
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Patients with generalized anxiety disorders show lower absolute metabolic 
rates in basal ganglia and white matter, but relative metabolism is increased in the 
left inferior area 17 in the occipital lobe, the right posterior temporal lobe, and the 
right precentral frontal gyrus [1477]. With benzodiazepine treatment, global 
CMRglc is reduced further, but the pattern is normalized. 



2.7.4.1 Panic Disorder 

In resting state studies of patients with panic disorder an abnormal hemispheric 
asymmetry of parahippocampal blood flow, blood volume, and oxygen metabo- 
lism and an abnormally high whole-brain metabolism has been described [1478]. 
Only hippocampal region asymmetry was confirmed in a subsequent study, in 
which decreases in the left inferior parietal lobule were also found [1479], even 
after treatment with imipramine [1480]. Left parietal hypofunction was also con- 
firmed in another study, and a higher CBF increase than in normals was seen in 
this region after challenge with D-fenfluramine, which induces neuronal release of 
serotonin [1481]. Anticipatory anxiety in patients led to a higher CBF increase in 
the same regions as in normals (parahippocampal gyrus, superior temporal lobe, 
hypothalamus, anterior cingulate gyrus, and midbrain) [1482]. 

Unfortunately, some early studies of panic attacks (which can be elicited by lac- 
tate infusion in sensitive subjects) [1483, 1484] were invalidated by errors in effect 
location (innervation of temporal muscle was mistaken for temporal lobe activa- 
tion) [1483]. In a subsequent study, a significant increase in glucose metabolism 
was found in the left hippocampus and parahippocampal area, associated with a 
significant decrease in the right inferior parietal and right superior temporal brain 
regions [i486] . An unexpected panic attack during a PET scan was associated with 
decreased rCBF in the right orbitofrontal (BA 11), prelimbic (area 25), anterior 
cingulate (area 32) and anterior temporal cortices (area 15) [1487]. 

Some abnormality of benzodiazepine receptors may contribute to panic disor- 
der. In fact, a global reduction in benzodiazepine site binding throughout the 
brain has been seen with FMZ-PET [1488]. 



2.7.4.2 Phobic Disorders 

Phobic fear seems to elicit different brain responses than unspecific anxiety. In one 
study phobic fear elevated the regional to whole-brain (relative) CBF in the sec- 
ondary visual cortex but reduced relative CBF in the hippocampus, prefrontal, 
orbitofrontal, temporopolar, and posterior cingulate cortex [1489]. In a related 
study, phobic fear was associated with CBF changes in amygdala, thalamus, and 
striatum [1490]. 

Social phobia, such as anticipatory anxiety before public speaking, is accompa- 
nied by enhanced CBF in the right dorsolateral prefrontal cortex, left inferior tem- 
poral cortex, and left amygdaloid-hippocampal region [1491]. In responders to 
citalopram or cognitive behavioral therapy, regardless of the treatment approach, 
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improvement is accompanied by a decreased rCBF response to public speaking 
bilaterally in the amygdala, hippocampus, the periamygdaloid, rhinal, and para- 
hippocampal cortices [1492]. 



2.7.43 Obsessive-compulsive Disorder 

In obsessive-compulsive disorder (OCD), most functional imaging studies sup- 
port the concept that dysfunction of the orbital cortex and the striatum is respon- 
sible for this disorder [1493, 1494]. Resting glucose metabolic rates are significantly 
increased in OCD in orbital gyrus and caudate nuclei [1495-1497]. Some studies 
also suggest hypometabolism in various other regions, e.g., at the left parieto- 
occipital junction [1498]. In a symptomatic case caused by dysgerminoma, FDG- 
PET showed involvement of the caudate nuclei [1499]. Striatal dysfunction was 
also suggested by an activation study employing an implicit learning task, during 
which OCD patients did not activate right or left inferior striatum and instead 
showed bilateral medial temporal activation [1500]. There may be reduced lateral 
prefrontal CMRglc in OCD, which is found to be related to a selective attention 
deficit [1501]. 

In a study that related current symptoms to CBF, increases in the orbitofrontal 
cortex, neostriatum, global pallidus, and thalamus were related to urges to per- 
form compulsive movements, while those in the hippocampus and posterior cin- 
gulate cortex corresponded to the anxiety that accompanied them [1502]. Obses- 
sive stimulation (checking rituals) was associated with higher rCBF than neutral 
stimulation in orbitofrontal regions [1503]. Increased orbitofrontal activity is also 
seen during the compulsive state of craving in patients with drug addiction [1504] 
(see also section 2.7.5). In another study, symptom provocation was associated 
with CBF increases in right caudate nucleus, left anterior cingulate cortex, and 
bilateral orbitofrontal cortex [1505]. 

Treatment with trazodone or clomipramine may lead to some improvement in 
obsessive-compulsive symptoms, which is associated with a return of regional 
brain metabolism to a more normal level in regions of the orbital frontal cortex 
and the caudate nuclei [1506, 1507]. With paroxetine too, significant metabolic 
decreases are observed in the right caudate nucleus, right ventrolateral prefrontal 
cortex, bilateral orbitofrontal cortex, and thalamus [1336]. Other studies have also 
found significant treatment effects in multiple brain areas involving frontal-sub- 
cortical circuits and parietal-cerebellar networks [1508-1510]. Patients who 
respond to behavior therapy have bilateral decreases in caudate glucose metabolic 
rates that are greater than those seen in poor responders to treatment [1511]. 

With regard to the possible prediction of treatment effects, in one study a ben- 
eficial effect of paroxetine was associated with higher pretreatment glucose 
metabolism in the right caudate nucleus [1352]. In another, lower CBF in 
orbitofrontal cortex and higher CBF in posterior cingulate cortex predicted better 
treatment response to fluvoxamine [1512]. Conversely, higher metabolism in 
orbitofrontal cortex was associated with greater improvement after behavioral 



134 Chapter 2 • Clinical Studies 



therapy [1513]. In one small series, response to therapy was correctly predicted in 
approx. 70% of cases [1514]. 

OCD has proved very difficult to treat and can be refractory to pharmacologi- 
cal and psychological approaches. In these cases, stereotactic neurosurgical inter- 
ventions have been advocated. Improvement of symptoms with stereotactic ante- 
rior cingulotomy is associated with higher preoperative CMRglc in right posterior 
cingulate cortex [1515] . In a patient treated with lesions of frontal white matter, this 
led to improvement of symptoms and long-term reduction of CMRglc in anterior 
cingulate gyrus, caudate, and thalamus [1516]. In a study with bilateral electrical 
stimulation of the internal capsula, improvement of symptoms was accompanied 
by a decrease of frontal metabolism during stimulation [1517]. 



2. 7.4.4 Posttraumatic Stress Disorder 

Attentional problems may underlie other symptomatology in posttraumatic stress 
disorder (PTSD). In a CBF study during a continuous performance task, PTSD 
patients with a history of substance abuse make more errors and show decreased 
parietal blood flow [1518]. A case report suggests that acute psychic trauma may 
cause widespread reduction of cerebral metabolism [1519]. 

Patients frequently have alterations in both declarative and nondeclarative 
memory function. In an activation study of emotionally valenced declarative 
memory, supportive evidence was found for a dysfunctional network that 
included hippocampus, medial prefrontal cortex, and cingulate [1520] . An analysis 
of functional connectivity during a working memory task suggests increased acti- 
vation in the bilateral inferior parietal lobes and the left precentral gyrus, and 
decreased activation in the inferior medial frontal lobe, bilateral middle frontal 
gyri, and right inferior temporal gyrus [1521]. Chronic PTSD patients may show 
evidence of hippocampal damage (atrophy) associated with reduced hippocampal 
resting CMRglc (unpublished data) and failure of hippocampal activation [1522]. 

PTSD may be associated with vivid and fearful re-experience of traumatic sit- 
uations, so-called flashbacks. This seems to be associated with particularly inten- 
sive activation of associative, limbic and vegetative brain regions. In one study, 
subjects with PTSD had increased rCBF in ventral anterior cingulate gyrus and 
right amygdala when generating mental images of traumatic combat-related pic- 
tures [1523]. In other PTSD patients, traumatic memories were associated with 
activation of right lingual gyrus, right thalamus, mamillary bodies, and right cere- 
bellum [1524], with activation of primary and secondary visual cortex, posterior 
gyrus cinguli, and left orbitofrontal cortex [1325] or with increased activation of 
orbitofrontal cortex and anterior temporal pole [1526]. Perceptually induced 
symptom provocation promoted sensorimotor, amygdaloid and midbrain activa- 
tion [1527]. A decrease of CBF in medial prefrontal cortex, an area postulated to 
play a role in emotion through inhibition of amygdala responsiveness, has also 
been reported [1528]. Flashback intensity was related to CBF increase in limbic 
regions and in the brain stem and insula, which probably represents involvement 
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of vegetative functions [1529]. Memories of abuse in childhood elicit an increase 
in CBF in anterior prefrontal cortex, posterior cingulate, and motor cortex in sex- 
ually abused women with PTSD [1530]. 



2.7.5 Drug and Substance Abuse 

Drug and substance abuse is a major health problem. Most addictive substances 
bind to specific receptors, which can be imaged by PET. Thus, functional imaging 
with PET is a very powerful tool for studying the biology of these disorders [1504, 

1531]- 

The dopaminergic system is the main reward system in the brain, and thus it 
has been studied intensively in drug and substance abuse. This includes possible 
alterations of dopamine receptors, dopamine transporters, and dopamine release. 
Another transmitter system of obvious interest is the opiate system, because some 
opiates can cause severe addiction. In view of the strong genetic predisposition to 
addiction, many researchers have been looking for functional brain changes that 
may be related to this vulnerability. Lower CMRglc in many brain regions and 
reduced D2 receptor binding potential have been found in carriers of the D2 
dopamine receptor Ai allele, which is associated with an increased risk of alco- 
holism and drug abuse and reduced central dopaminergic function [1532, 1333]. 

Another key region is the orbitofrontal cortex, which is essential for inhibitory 
control; it is related to personality traits and can be damaged by drug abuse [1534] . 



2.7.5. 1 Alcoholism 

Acute alcohol intoxication is associated with lower CBF and CMRglc than normal, 
the difference being more pronounced in cerebellum (and associated ataxia) than 
in thalamus and cerebral cortex [1535-1537]. In contrast to self-reports of the per- 
ception of intoxication, the reduction is more severe in men than in women [1538]. 
Alcohol ingestion also leads to a relative increase in the CBF in medial parts of the 
temporal lobes and in the anterobasal parts of the anterior cingulate cortex, 
including the septal region, which can be regarded as parts of the cerebral reward 
system [1539]. 

Chronic alcoholism leads to brain atrophy and neurological impairment. Cere- 
bral glucose metabolism is globally reduced in subjects with severe chronic alco- 
holism [1540-1542] . If neurological function is still intact, global reduction may be 
mild and hypometabolism may be the main finding [1543, 1544]. Frontal hypome- 
tabolism may be associated with neuropsychological and behavioral alterations 
[1545, 1546]. Detoxification and abstinence usually lead to partial recovery of 
CMRglc [1547, 1548]. Chronic alcoholism may also lead to cerebellar degeneration 
with associated glucose hypometabolism [1549]. Dementia and the amnesic Kor- 
sakoff syndrome, which can be the result of chronic alcoholism, are associated 
with regional reductions in cortical CMRglc (see section 2.1.7.2). 
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In accordance with clinical reports, alcoholics have a blunted metabolic 
response to the administration of benzodiazepines [1550], which persists as a 
trend only in orbitofrontal cortex after detoxification [1551]. It is also observed in 
subjects with a positive family history for alcoholism and may thus be a genetic 
trait [1552]. In severe chronic alcoholism reduced n C-flumazenil binding was seen 
in frontal cortex and cerebellum in one study [1553], but another indicates that 
there are no major alterations of benzodiazepine receptor-binding capacity and 
affinity [1554]. Study reports should be interpreted with caution, because disulfi- 
ram, which has been used as an adjunctive agent in the treatment of patients with 
severe chronic alcoholism, can influence the results of PET studies of glucose 
metabolism and benzodiazepine receptor binding [1555]. 

Striatal Di receptor binding potential appears to be reduced in chronic alco- 
holics [1556, 1557] and not to recover during abstinence [1558]. Dopamine trans- 
porters and FDOPA uptake are intact or even up-regulated [1557, 1559]. Nonetheless, 
a reduction of striatal monoaminergic terminals in severe chronic alcoholism is 
suggested by the observation of reduced binding of n C-dihydrotetrabenazine [1560]. 

Serotonergic mechanisms have been studied by application of ra-chlorophenyl- 
piperazine, which is a mixed serotonin agonist/antagonist. In normals it leads to 
an increase of CMRglc in many brain regions, which is blunted in alcoholics [1561]. 



2. 7.5.2 Cocaine 

Cocaine inhibits dopamine reuptake by dopamine transporters (DAT) into 
dopaminergic nerve terminals, which leads to higher synaptic dopamine concen- 
trations [1562]. The potential for abuse of cocaine maybe related to the increase in 
synaptic dopamine and, probably even more, to the time-course of transporter 
blockade [1563-1566] . The very fast uptake and clearance of cocaine from the brain 
is probably essential for its pleasurable and addictive effect [1567], which also 
depends on the route of administration [1568]. To block these effects, almost com- 
plete inhibition by a long-acting DAT inhibitor would probably be necessary 
[1569]. Oral methylphenidate in typical therapeutic doses occupies approx. 50 % of 
the DAT [1570]. The magnitude of the subjective euphoria produced by cocaine 
infusion can be reduced by selegiline. The effect is associated with an alteration of 
the CMRglc in hippocampus and amygdala, which suggests that these structures 
have an essential role in cocaine-induced euphoria [1571]. 

More detailed studies of the kinetics of cocaine and potential drugs used for 
treatment of dependence, and of their interaction with anesthetics and anti- 
cholinergics, have been performed with PET in nonhuman primates [1572-1576]. 
The potential of the high-affinity, selective and long-acting DAT inhibitor 
GBR12909 has been studied with PET in baboons, demonstrating up to 74 % block- 
ade [1577] and attenuated synaptic dopamine release [1578]. An influence of social 
factors on D2 receptor capacity and vulnerability to cocaine dependence has also 
been demonstrated [1579]. Recently, protocols have been developed to conduct 
PET studies in conscious rhesus monkeys [1580, 1581]. 
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Use of cocaine has been associated with the occurrence of cerebrovascular acci- 
dents. In a CBF study cocaine users showed areas of deranged CBF, as evidenced 
by patchy regions of defective isotope accumulation, throughout their brains. 
Chronic cocaine users showed decreased relative CBF in the prefrontal cortex 
compared with normal subjects [1582]. Another effect is prolonged reduction of 
norepinephrine uptake and storage capacity in the cardiac sympathetic nerve ter- 
minals, which has been measured by “C-hydroxyephedrine PET and may con- 
tribute to cardiac side effects [1583]. 

Behavioral changes can be explained by reduced rates of frontal CMRglc per- 
sisting for at least 3-4 months of detoxification even in neurologically intact 
cocaine abusers. Their severity is related to the severity of previous abuse [214] 
and to decreased D2 receptor availability [1584]. Cocaine abusers also show per- 
sistent functional activation in prefrontal neural networks (mainly orbitofrontal 
cortex) involved in decision-making [1585]. In another activation study, cue- 
induced anger in cocaine-dependent men was associated with decreased activity 
in frontal cortical areas involved in response monitoring and inhibition. The lack 
of this association in nicotine-dependent men suggests a possible deficit in anger 
regulation associated with cocaine dependence and a possible link between 
cocaine dependence, violence, and relapse [1586]. 

A study with FDOPA suggests that there is a delayed decrease in dopamine ter- 
minal activity in the striatum during abstinence from cocaine [1587]. There is also 
evidence of disturbance of the GABAergic system. Cocaine-abusing subjects have 
increased lorazepam-induced decrements in whole-brain CMRglc associated with 
increased sedation [1588]. In contrast, their response to alcohol appears blunted 

[1589]. 

During craving 1 week after cocaine withdrawal, CMRglc is generally increased. 
Intensity of cocaine craving was correlated with increased CMRglc in the pre- 
frontal cortex and the orbitofrontal cortex [1590]. Similar effects are seen with 
methylphenidate-induced craving [1591]. Activation of the amygdala and of the 
temporal insula, a brain region involved with autonomic control, is also observ- 
ed during craving [1592, 1593]. Craving may also be associated with increased 
p-opioid binding, as demonstrated with n C-carfentanil in several brain regions of 
the cocaine addicts studied 1-4 days and up to 4 weeks after their last use of 
cocaine [1594]. Craving induced in detoxified subjects by a cocaine-related video 
led to CBF increases in limbic structures (amygdala and anterior cingulate) in 
cocaine-dependent but not in normal subjects [1595]. Activation by mental 
imagery of personalized drug use activated a network of limbic, paralimbic, and 
striatal brain regions, including structures involved in stimulus-reward associa- 
tion (amygdala), incentive motivation (subcallosal gyrus/nucleus accumbens), 
and anticipation (anterior cingulate cortex) [1596]. 

The urge to increase cocaine doses in chronic users maybe related to the obser- 
vation that detoxified cocaine abusers show decreased uptake of cocaine in brain 
but no changes in DA transporter availability [1597]. It may also be related to 
changes in the affinity of Di and D2 receptors, as observed in an experimental 
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study after binge-pattern cocaine administration [1598]. Recovery from dopamine 
receptor changes during sustained abstinence has been observed in rats [1599]. In 
a study of dopamine release (measured by competition with RAC) in response to 
intravenous methylphenidate, addicts showed reduced dopamine release in the 
striatum but an enhanced response in the thalamus, suggesting that thalamic 
dopamine pathways contribute to cocaine addiction [1600]. 

A study with l8 F-AT-methylspiroperidol has demonstrated that postsynaptic 
dopamine receptor availability decreases with chronic cocaine abuse but may 
recover after a drug-free interval [1601]. However, cortical binding of the tracer 
remains unchanged, suggesting normal 5-HT 2 receptor availability in cocaine 
abusers [1602]. 



2.7.5.3 Amphetamine and Derivatives 

Application of high doses of amphetamine or methamphetamine (2x2 mg/kg, 
i.m.) over 1-2 weeks in the vervet monkey produced extensive striatal dopamine 
system neurotoxicity with a decrease of 60-70 % in FDOPA uptake, corresponding 
to a similar reduction in striatal dopamine concentrations seen on biochemical 
analysis [1603]. There was partial recovery up to 32 weeks later. Similar findings 
were observed with n C-DOPA in rhesus monkeys [1604] and with n C-WIN-35428 
in baboons [1605]. Damage can be prevented by pretreatment with GDNF [1606] 
but not with the glutamate antagonist MK-801, and not by hypothermia [1607]. 
There were associated behavioral changes, which persisted even after recovery of 
FDOPA uptake [1608] . Affiliative behavior was decreased for up to 6 months, while 
aggressive behavior was increased for 12 months. Similar findings have been 
observed in humans. Reduced striatal dopamine transporter density is found in 
abstinent methamphetamine and methcathinone users [1609, 1610]. It is related to 
psychomotor impairment [1611]. There is evidence of slow recovery with main- 
tained abstinence [1612]. 

Repeated application of methamphetamine appears to sensitize the brain and 
is associated with an increase of 40% in n C-methamphetamine uptake in dogs 
[1613]. This effect is prevented by pretreatment with haloperidol or cocaine [1614]. 

In Parkinson disease, dopaminergic lesions are associated with up-regulation 
of D2 receptors. In contrast, repeated administration of amphetamine in monkeys 
causes a long-lasting down-regulation of the D2-receptor density, which may be a 
neurochemical correlate to the abnormal movements, anhedonia, anxiety, and 
depression seen in psychostimulant abusers [1615]. In methamphetamine abusers 
an association between the level of dopamine D2 receptors and metabolism in the 
orbitofrontal cortex is found, which suggests that D2 receptor-mediated dysregu- 
lation of the orbitofrontal cortex could underlie a common mechanism for loss of 
control and compulsive drug intake in drug-addicted subjects [1616]. Whole-brain 
CMRglc is moderately increased in detoxified methamphetamine abusers [1617], 
and this effect is most pronounced in the parietal cortex (20 % higher than in con- 
trols), which is nearly devoid of dopaminergic innervation. 
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Excessive abuse of 3,4-methylene-dioxymethamphetamine (MDMA; “ecstasy”), 
which is often taken together with other substances, may lead to severe acute brain 
damage; this can include ataxia and amnesia, with associated cerebellar, thalamic, 
retrosplenial, and left medial temporal hypometabolism [1618]. Damage is not lim- 
ited to the dopaminergic system. In a study of the effects of MDMA (5 mg/kg, s.c., 
twice daily for 4 consecutive days) in the baboon brain using PET and n C-McN- 
5652, a long-standing reduction of 5-HT transporter density with partial recovery 
was observed [1619, 1620]. Chronic abuse in humans results in decreased CMRglc 
in the bilateral frontal cortex [1621], but the CBF increase during functional acti- 
vation by an attention task is not altered [1622]. Results must be viewed with cau- 
tion, because there is a current controversy, which has led to the retraction of a 
paper on this topic, about whether MDMA alone can induce irreversible damage 
in primates, or whether contamination by more toxic compounds, such as 
methamphetamine, is required [1623, 1624]. 

During various activation tasks in healthy subjects, complex effects of low doses 
of dextroamphetamine (0.25 mg/kg) on activated CBF are seen, which could be 
interpreted as a tendency to “focus” neural activity for a particular cognitive task 
[1625, 1626]. During a continuous attention task, subcortical, limbic, frontal, and 
cerebellar CMRglc significantly increase after dextroamphetamine, whereas 
CMRglc of the temporal cortex significantly decreases [1627]. In a study of rela- 
tively high euphorigenic doses of D-amphetamine (0.9-1.0 mg/kg p.o.), a mania- 
like syndrome was produced concomitantly with a widespread increase in 
absolute cerebral metabolism, which was significant in the anterior cingulate cor- 
tex, caudate nucleus, putamen, and thalamus [1628]. These studies, taken together 
with studies in schizophrenia (see section 2.7.3), suggest that metabolic effects of 
amphetamines are heavily dependent on dose and possibly also on other vari- 
ables. 



2. 7.5.4 Opiates 

In a CBF activation study involving drug-related video cues in heroin addicts, self- 
reports of “urge to use” correlated strongly with activation of the inferior frontal 
and orbitofrontal cortex target regions of the mesolimbic dopaminergic system, 
which are implicated in conditioning and reward. Urge to use was also associated 
with activation in the right precuneus, an area associated with episodic memory 
retrieval, and in the left insula, which has been implicated in the processing of the 
emotional components of stimuli. Self-reports of feeling “high” correlated with 
activation in the hippocampus, an area relevant to the acquisition of stimulus- 
associated reinforcement [1629]. In another activation study opiate addicts 
responded differently than normals to nonmonetary, but not to monetary, rewards 
[1630]. 

The effect of methadone in former heroin addicts has been studied with l8 F- 
cyclofoxy. Specific binding was lower by 19-32% in thalamus, amygdala, caudate, 
anterior cingulate cortex, and putamen. The effect was correlated with methadone 
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plasma levels, suggesting that these lower levels of binding may be related to 
receptor occupancy with methadone [1631]. 



2.7.5.5 Nicotine 

The effects of nicotine on CMRglc have been studied in tobacco smokers and nor- 
mal volunteers. Nicotine causes a moderate reduction (by up to 10 % with i.v. infu- 
sion) of global CMRglc [1632, 1633], which appears to be in some contrast with its 
cognitive stimulating effects. Relative increases were seen in left inferior frontal 
gyrus, left posterior cingulate gyrus, and right thalamus [1633]. In related studies, 
relative CBF increases were observed in thalamus, pons, visual cortex, and cere- 
bellum, whereas relative reductions were seen in the left anterior temporal cortex 
and in the right amygdala [1634-1636]. Regional brain activations and associations 
with cigarette craving are similar to findings with other addictive substances 

[1637]- 

Binding of nicotine to its receptors in brain has been studied in baboons: doses 
equivalent to those achieved by cigarette smokers led to an average 50% receptor 
occupancy [1638]. 

In studies of the dopaminergic system no release of dopamine was induced by 
nicotine in monkeys [1639]. Although MAO-B activity is reduced in smokers 
[1640-1642], an acute dose of nicotine or smoking a single cigarette does not 
inhibit MAO-B in baboon brain in vivo [1643, 1644]. In another study a lower 
dopamine Di receptor density in the ventral striatum was found in cigarette 
smokers than in nonsmokers [1645]. 

A CBF activation study suggests that the brains of smokers react to reward in a 
different way than those of nonsmokers, and in a regionally complex manner. In 
particular, this difference involves the regions of the dopaminergic system, includ- 
ing the striatum [1646]. This was also found in another activation study analyzing 
the effect of nicotine during performance of a working memory task [1647]. 



2. 7.5.6 Hallucinogens 

Psilocybin increased CMRglc in distinct right hemispheric frontotemporal corti- 
cal regions, particularly in the anterior cingulate and decreased rMRGlu in the 
thalamus [1648]. Studies of cannabinoid receptors are reported in section 3.17. 



2.7.5. 7 Phencyclidine 

Phencyclidine is an anesthetic that is related to ketamine and has the potential for 
abuse and stimulating effects. An instability of metabolic rates has been observed 
in baboons under phencyclidine anesthesia [1649]. The effects of ketamine have 
been studied in human volunteers. It increases metabolic activity in the prefrontal 
cortex and produces psychotic symptoms, with conceptual disorganization in 
some subjects [1650]. The effects are thought to be related to the stimulation of 
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NMDA receptors. A PET study with RAC and n C-cocaine also suggests that PCP 
may be exerting some direct effects through the DAT and that GABA partially 
modulates NMDA-antagonist-induced increases in striatal dopamine [1651]. 



2 -7<6 Personality and Behavioral Disorders 

Personality disorders probably represent the extremes of the range of normal per- 
sonality traits. Therefore, investigation into the neurobiological correlates of such 
traits may have considerable relevance for the understanding of these diseases. 
High 5-HT 2A receptor density in cerebral cortex is associated with a strong ten- 
dency to avoid danger [1652]. 



2.7.6.1 Borderline Personality Disorder 

As in several other psychiatric diseases, regional functional alterations have been 
found mainly in the frontal cortex. In a study of resting CMRglc, frontal and pre- 
frontal hypermetabolism and hypometabolism in the hippocampus and cuneus 
was observed [1653], but frontal hypometabolism was described in other, earlier, 
studies [1654, 1655]. Decreased glucose uptake in medial orbital frontal cortex is 
associated with diminished regulation of impulsive behavior [1636]. Prefrontal 
cortex, cuneus, and anterior cingulate show alterations during activation study 
with memories of abandonment [1657]. Low 5-HT synthesis capacity in corticos- 
triatal pathways was observed in a study with a- n C-methyl-L-tryptophan [1658]. 
There is also a diminished response to serotonergic stimulation in areas of pre- 
frontal cortex [1659]. 



2.7.6.2 Violence and Suicide 

Impairment of frontal and temporal glucose metabolism is a frequent finding in 
violent offenders [1660-1663]. Reductions in prefrontal glucose metabolism have 
also been seen in murderers [1664, 1665]. 

Suicide is also associated with aggressive/impulsive traits, but also with hope- 
lessness and depression, and often with comorbidity in terms of substance abuse 
and alcoholism [1666]. Postmortem findings indicate abnormalities of the 
serotonergic system in prefrontal cortex. PET demonstrates lower CMRglc in ven- 
tral, medial, and lateral prefrontal cortex in depressed high-lethality suicide 
attempters, which is even more pronounced after fenfluramine administration 
[1667]. 
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2.7.7 Anorexia Nervosa and Bulimia 

Anorexia nervosa is a psychiatric disorder with severe organic consequences. In 
the acute stage, when patients have lost a substantial proportion of their body 
mass, a variety of structural and functional alterations occur in the brain [1668, 
1669]. Studies have highlighted a variety of findings, such as reduced CMRglc in 
the caudate nucleus [1670] and in frontal and parietal cortices [1671], with nor- 
malization of findings after weight gain [1672, 1673]. Milder focal changes and 
hemispheric asymmetries are observed in bulimia nervosa [1674-1676], which is 
not associated with major weight loss. Similar findings with normalization after 
recovery were observed in a CBF study [1677]. A reduction of global CMRglc is cor- 
related with the amount of weight loss in these eating disorders and in depression 
[1678]. Reduction of CMRglc maybe related to use of ketone bodies instead of glu- 
cose for energy metabolism in the brain during starvation [1679-1681]. 

In an activation study, patients with anorexia showed increased CBF in left 
amygdala, hippocampus, insula, and bilateral anterior cingulate when confronted 
with images of high-calorie drinks, suggesting psychological abnormalities in 
response to these stimuli [1682]. Increased limbic activation by demonstration of 
high-calorie food has been confirmed in another study, which also found evidence 
for greater activation in visual association cortex [1683]. 

Anorexia nervosa may be associated with an abnormality of the serotonergic 
system. A reduction in medial orbital frontal cortex 5-HT 2A binding is found in 
women who have recovered from anorexia or bulimia nervosa have [1684, 1685]. 
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Imaging Brain Function 



PET differs from other imaging techniques in requiring more expensive equip- 
ment and highly specialized personnel, not only for scanning but also for produc- 
tion of the radiotracers, which has to be done on site for the ultrashort-lived iso- 
topes (mainly n C and 15 0 ) or requires fast delivery within few hours after 
production (with l8 F). The benefit of this complexity is that PET has the highest 
specificity and sensitivity currently available in imaging and measuring local 
physiological function. The mathematical models required for calculation of 
physiological parameters are described in section 4.9. Tables 3.1-3.3 provide an 
overview of tracers, their targets, and the references to sections in the text for clin- 
ical applications, physiology, and modeling. 



3.1 Blood-Brain Barrier Transfer 

Transfer of substances maybe due to diffusion, which is determined by molecular 
size and lipophilicity, often expressed as the octanol/water partition coefficient 
[1686]. Substances that are essential for the brain but that cannot enter in sufficient 
quantity by diffusion are transported by carriers. The blood-brain barrier (BBB) 
carrier system with the largest capacity is GLUTi for transport of glucose. 

The inability of many substances to cross the BBB is apparently due to a system 
that protects the brain from potentially toxic substances that circulate in the 
blood. This system may be disturbed in disease, and it is therefore of interest to 
measure the permeability of substances that cannot usually enter the brain. A suit- 
able tracer is Ga-68-EDTA, which is an inert complex too large to cross the intact 
BBB [1687]. Quantitation is usually based on a model with one tissue compartment 
(see section 4.9.1). Increased uptake is observed mainly in brain tumors and after 
pharmacological disruption of the BBB, but also after acute stroke and brain hem- 
orrhage. It is still controversial whether uptake is also increased in neurodegener- 
ative disorders, such as Alzheimer disease [1688]. 

Another tracer of potential interest is rubidium-82 ( 82 Rb), which is injected as 
a cation and behaves as an analogue of potassium ions, which usually do not cross 
the BBB in large amounts [1689]. Measured transport is substantially larger than 
that of 68 Ga-EDTA. Cobalt-55 ( 55 Co) has been introduced as a calcium analogue 
tracer for imaging traumatic, ischemic, and neurodegenerative brain damage 
[1690-1693], but it is not yet clear whether increased uptake actually reflects 

K. Herholz et al., NeuroPET 
© Springer-Verlag Berlin Heidelberg 2004 



Tracers for transport, CBF, and metabolism (AA amino acids, BBB blood-brain barrier, CBF cerebral blood flow, CMR cerebral metabolic rate, 
glc glucose, HSV-TK herpes simplex virus thymidine kinase, PSR protein synthesis rate) 
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Table 3, Neurotransmitter and receptor tracers (except dopaminergic system; AChE acetylcholine esterase, GABA gamma aminobutyric acid, SERT 
serotonin transporter) 
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pathologic cellular calcium influx or unspecific BBB damage. Bromide-76 is a rel- 
atively small ion similar to chloride that can pass the BBB, but does not enter cells 
in large amounts. It has been used to measure the extracellular space. Values for 
normal brain are between 18 % (cerebellum) and 28 % (frontal lobe), and are much 
higher in most brain tumors (up to 66%) [1694]. 

The ability to enter the brain is essential for all centrally acting drugs. Although 
this can be estimated from experimental measurements in rodents, the situation 
may be different in primates. PET offers a noninvasive way of measuring the brain 
entry of labeled drugs in humans and other primates. Blood-to-brain transfer 
rates for compounds with complete extraction are in the order of 0.8 min -1 in nor- 
mal cortex, or 0.5 min -1 , corresponding to normal CBF (see section 3.2), which is 
the rate-limiting step for freely diffusible substances. Glucose is the substance with 
the highest capacity for carrier-mediated transport through the BBB, and corre- 
sponding transfer rates are in the order of o.i-o.2min _1 in cortex. Most centrally 
acting drugs and related receptor-binding tracers, such as FMZ and RAC, have 
transfer rates between those of glucose and of freely diffusible tracers, often closer 
to the latter. For most compounds (except those with extremely high specific bind- 
ing in brain), much lower transfer rates would imply that sufficient concentrations 
in brain cannot be reached because nearly all of the compound would have been 
excreted from the body before substantial transfer occurred. For PET tracers, slow 
blood-brain transfer also implies long measurement time (which requires at least 
the half-life time of l8 F), and often difficulties in reaching equilibrium (a require- 
ment for most receptor ligands, see section 4-9.3.2) or in separating slow metabolic 
processes from similarly slow transfer rates by kinetic modeling (see section 
4.9.2). 



3.2 Cerebral Blood Flow 

The most accurate and comprehensively validated approach to measurement of 
cerebral blood flow (CBF) relies on tracers (or indicators) that enter the brain 
freely by diffusion. Thus, their entry is not limited by BBB transfer but only by sup- 
ply from blood flow (see section 4.9.1.2 for mathematical models used for quanti- 
tation). These properties are best fulfilled by inert gases, of which only krypton-77 
( 77 Kr) has a suitable positron emitting isotope with a short half-life of 73 mm. It is 
difficult to produce and handle and has therefore rarely been used [1687]. Another 
tracer that comes close to this goal is l8 F-fluoromethane, which can be adminis- 
tered by inhalation or intravenously (dissolved in water). Butanol labeled with n C 
or 15 0 is also freely diffusible and can be used, but undergoes significant and rapid 
metabolism in brain and body organs, so short scan times are used. For most prac- 
tical purposes 15 0-water is used; it is almost freely diffusible and easier to use than 
the other tracers. Its extraction rate in normal gray matter ranges between 80 % 
and 90 %, which leads to moderate underestimation of CBF, particularly in high- 
flow areas [1695, 1696]. It is, however, sufficiently accurate to depict alterations in 
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blood flow due to disease and most functional changes. In the early days of PET, 
13 N-ammonia was also used to measure CBF [999], but this tracer was abandoned 
because of low first-pass extraction and the development of better alternatives. 
CBF measurements with intra-arterial injection of albumin microspheres, which 
can be labeled with 68 Ga [1697] or n C [1698] and are trapped in cerebral microves- 
sels, are also of mainly historical interest. 

Measurements of normal global CBF in absolute units converge on average val- 
ues of approx. 50 ml/100 g brain tissue per min [1699], corresponding to a blood- 
to-brain transfer rate (kj for freely diffusible tracers of 0.5 min -1 (using an approx- 
imate specific mass for brain of lg/ml). Local CBF in gray matter is three- to 
fourfold that in white matter, but the difference is usually less pronounced on PET 
scans owing to limited resolution. Global CBF is held rather constant by autoregu- 
lation during physical exercise and changes of arterial blood pressure within the 
physiological range [1700]. It is, however, markedly altered by changes in arterial 
pC0 2 y increasing during hypercapnia and decreasing during hypocapnia [1701]. 
This contributes to a relatively wide variance of absolute CBF values in normal 
human brain, which limits their sensitivity for functional alterations in diagnostic 
studies in individuals. The molecular mechanisms involved in CBF regulation are 
not yet entirely clear and may involve adenosine, extracellular pH, potassium ions, 
nitric oxide, and prostaglandins, as well as direct and indirect neural pathways. 

Autoregulation involves constriction and dilatation of resistance vessels, which 
result in changes to local cerebral blood volume (CBV). The local intravascular 
plasma volume can be measured with PET by means of strictly intravascular trac- 
ers, such as albumin labeled with n C [1702] or 62 Cu [1703]. It can be compared with 
the local intravascular concentration of erythrocytes labeled by using n C carbon 
monoxide (CO) or 15 0 -C 0 [1704, 1705], yielding a measure of local hematocrit 
[1702], which also changes during vasoconstriction. The ratio of CBV to CBF 
determines the transit time of intravascular indicators, which is often used as a 
surrogate indicator of CBF in dynamic CT and MRI techniques. A prolongation of 
transit time does not necessarily indicate a reduction in CBF, because it may 
remain constant because of local vasodilation [922]. 

There have been several studies on the effect of age on CBF. An age-related 
reduction of approx. 0.5% per year in global CBF was observed with the 15 0 -C 0 2 
steady- state technique [1706, 1707]. The decline tended to be most pronounced in 
frontal cortex. Similar findings, although differing in extent and anatomical dis- 
tribution, have been obtained in subsequent studies [1708, 1709] and by other 
researchers [1710]. The effect was not seen in a study with partial volume correc- 
tion [1711], suggesting that measurements may be influenced by age-related corti- 
cal atrophy. As a consequence, it is necessary to use age-adjusted reference values 
and consider the possible effects of atrophy in PET CBF studies of patients. 
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Local CBF depends on neuronal function. It is increased by increased neuronal 
activity and decreased by reduced or impaired neuronal function. Thus, measure- 
ment of local changes in blood flow during all kinds of physiological and cogni- 
tive tasks has become a major tool for the study of functional brain organization. 
These changes are usually associated with similar changes of glucose metabolism. 
Changes related to brain function are described separately in section 3.5.4. 



3.3 Oxygen Consumption 

The cerebral metabolic rate of oxygen (CMR 0 2 ) is a fundamental parameter of 
brain function. It can be measured by the use of 15 0 gas, which is given by either 
continuous or bolus inhalation [1712-1714]. Calculations are based on the fact that 
the oxygen concentration in tissue is very low and nearly all of the tissue signal 
stems from the metabolic product, 15 0 -labeled water. Corrections have to be 
applied for intravascular oxygen (bound to hemoglobin) and for washout of 
15 0 -water which depends on CBF. For accurate corrections, separate measure- 
ments of CBV and CBF are required [1715, 1716], or estimates of these corrections 
can be obtained from dynamic measurements [1717-1719]. Further refinements to 
account for a nonmetabolic tissue oxygen pool have been suggested [1720, 1721]. 

Most studies indicate that CMR 0 2 declines with age in a similar way to CBF 
[1706, 1707, 1709, 1710, 1722], but there has not yet been a study applying rigorous 
partial volume correction. CBF and CMR 0 2 are lower in the neonatal period than 
in later childhood or in adult life, and increase significantly during early child- 
hood. CBF and CMR 0 2 falling to adult values during adolescence [1723]. In a small 
series of CMR 0 2 measurements in newborns who had minimal or no detectable 
brain injury, CMR 0 2 was considerably below the threshold for brain viability in 
adults, suggesting that energy requirements in fetal and newborn brain are mini- 
mal or can be met by nonoxidative metabolism [1196]. 

It has been noted that changes in CMR 0 2 due to functional activation are much 
smaller than those in CBF and CMRglc [1724-1726], and this effect is the basis for 
the widely used brain oxygen level-dependent (BOLD) fMRI imaging of func- 
tional brain activation. The controversy about the physiological implications of 
these observations is still ongoing [1727-1730]. 

When a gaseous tracer is given by mask or mouthpiece, the methods require 
considerable cooperation from awake subjects. Signal-to-noise ratios are usually 
considerably worse than with FDG for measurement of glucose metabolism. Thus, 
nowadays, measurement of CMR 0 2 is performed only if that metabolic parameter 
is specifically required. This is most frequently in studies of cerebrovascular dis- 
ease (see section 2.4), in which impaired oxygen supply to tissue is the pivotal 
event, leading to metabolic failure within seconds in ischemic stroke. 
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3.4 Glucose Consumption 

Glucose is the main substrate for energy supply of the brain by oxidation. It 
is transported into brain by the insulin-dependent carrier GLUTi, which is 
expressed in brain capillary endothelial cells and in cells of choroid plexus, 
ependyma, and glia. It is sufficient to transport two to three times as much glucose 
as is normally metabolized by the brain. Its expression is increased by hypo- 
glycemia [1731]. Transport rates depend on plasma glucose levels in accordance 
with Michaelis-Menten kinetics for facilitated transport [1732]. Inherited GLUTi 
deficiency leads to globally reduced cortical glucose metabolism, whereas basal 
ganglia appear to be less severely affected [1733]. The neuronal glucose transporter 
GLUT3 appears to be regulated in concert with metabolic demand and regional 
rates of cerebral glucose utilization [1734]. There appears to be another concen- 
trative H + -linked glucose transporter in the brain [1735]. Besides neurons, 
astroglia may also be involved in brain energy metabolism, with some exchange of 
lactate between neurons and glia [1736, 1737]. 

In circumstances of starvation only, ketone bodies can serve as an energy sub- 
strate instead of glucose to some extent. Their brain metabolism, which is limited 
by low-capacity carrier-mediated uptake, has been studied with R-P-i- n C-hydrox- 
ybutyrate [1679, 1680]. Increased metabolism of ketone bodies is associated with 
reduced glucose consumption [1681, 1738, 1739]. 

The standard tracer for measurement of the cerebral metabolic rate of glucose 
(CMRglc) is l8 F-2-fluoro-2-deoxy-D-glucose (FDG) [1740]. Deoxyglucose has also 
been labeled with n C [1741], but the rapid isotope decay of n C is less suited for typ- 
ical measurement times of up to 60 min. FDG is transported into tissue and phos- 
phorylated to FDG phosphate, like glucose, but does not undergo significant fur- 
ther metabolism. Thus, it accumulates in brain in proportion to local CMRglc. 
After the first 10-20 min following i.v. bolus injection, during which transport 
effects dominate tracer distribution, the distribution of FDG in brain approxi- 
mates local CMRglc. Methods for quantitation based on physiological modeling 
are described in section 4.9.2.2. Since FDG is an analogue tracer, conversion factors 
(the “lumped constant”) are necessary to calculate CMRglc. To avoid this, PET 
studies using native glucose, which can be labeled with n C in various positions 
[1742-1745], have been performed. Because of the appearance and washout of 
labeled metabolites in tissue, the relation between tracer concentration in tissue 
and CMRglc is more complicated and time dependent than with FDG [1746] and 
therefore the method has not found widespread clinical use. 

In normal brain, the spatial distribution of CBF and that of CMRglc are closely 
related and images look very similar. In contrast to CBF, CMRglc is not substan- 
tially influenced by pC 0 2 . This results in somewhat less physiological variability in 
absolute values, which are in the range of 23-30 pmol glucose 100 g per min as a 
normal whole-brain average [1747]. Typical resting state gray matter CMRglc val- 
ues are in the range of 40-60 pmol glucose 100 g per min, and the corresponding 
level in white matter is about 15 pmol glucose/ioo g per min. There are regional dif- 
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Fig. 3.1 Normal distribution of cerebral glucose metabolism in adults (average of 12 subjects, 
mean age 60years). Individual MRIs were coregistered and all image data were spatially nor- 
malized and averaged. Orthogonal cuts through the left thalamus are shown (FGD PET, fusion, 
and T1 -weighted MRI).The complete 3D data set is available on the provided CD-ROM, which 
also contains a sequence of transaxial PET-MRI fusion images from an individual normal volun- 
teer as a video clip 



ferences, with the highest values in striatum and parietal cortex close to the pari- 
eto-occipital sulcus (Fig. 3.1). Mesial temporal cortex and cerebellum have meta- 
bolic rates below the average rate in the gray matter. 

In a similar way to CBF, local CMRglc measured with PET is influenced by age, 
with a predominantly frontal decline during adulthood [29-31, 33, 1748]. This has 
not been found in all studies [1749] and may also be influenced by partial volume 
effects due to age-related atrophy. An age-related decline in dopaminergic activity 
may also reduce frontal CMRglc [1750]. There are also prominent changes in glu- 
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cose metabolism during maturation of the brain. After birth, glucose metabolism 
is low in association cortex and increases steadily to reach a more homogeneous 
adult pattern after lyear of age. The absolute level of CMRglc in the cerebral cor- 
tex increases steadily from low values in infants to a maximum between 4 and 
12 years, before declining to stabilize at the end of the second decade of life [1751, 
1752]. Similar developmental changes have been observed with FDG-PET in mon- 
keys [i753> 17541- 

Several studies have reported mild but significant gender differences in local 
CMRglc [1755-1759]. One study suggests that the approx. 20 % higher global CMR- 
glc in women maybe present during and related to the high estrogen levels on days 
5-15 of the menstrual cycle [1760]. It has also been suggested that estrogen use may 
protect against regional cerebral metabolic decline in postmenopausal women 
[1761]. 

FDG uptake of the brain is reduced in hyperglycemia, which leads to a poor sig- 
nal-to-noise ratio. FDG excretion kinetics may also be changed, requiring actual 
measurement of individual plasma input functions for calculation of CMRglc 
[1762]. FDG uptake may remain higher in brain tumors during hyperglycemia 
[649]. Images often display a reduced contrast between gray and white matter and 
therefore cannot be compared easily with images obtained in normoglycemia. 
Thus, it is generally recommended that clinical FDG-PET studies of the brain be 
perform in normoglycemia only. 

Local CMRglc is also coupled to local brain function, but the physiological 
mechanisms that cause this coupling are more precisely known than for CBF. Glu- 
tamate release by neurons initiates rapid removal from the synaptic cleft and recy- 
cling by glial cells, and this process is closely coupled to glucose metabolism in the 
tricarbon cycle [1015, 1737, 1763, 1764]. In addition, the energy requirements of 
ATPases that maintain ion gradients are also related to neuronal activity [1765]. A 
close correlation between electrical activity and glucose consumption has been 
shown in several experimental models [1766]. There is a rise in the brain glucose- 
to-oxygen uptake ratio during functional activation that involves complex adap- 
tations with altered fluxes into various oxidative and biosynthetic pathways [1767]. 

A major limitation of FDG-PET used to assess local brain function is the rela- 
tively long uptake period of at least 20 min that is required to record the metabolic 
increase related to functional activity by FDG accumulation. This excludes many 
functions that cannot be maintained over that time. On the other hand, the robust- 
ness of the method gives it a clear advantage over other more rapid methods for 
localization of motor function and language in a clinical context. 



3.5 Influence of Brain Function on CBF and Metabolism 

Because of the dependence of CBF and CMRglc on neuronal activity, examination 
conditions are crucial for interpretation of results. Major effects of the state of con- 
sciousness, sensory influences, anxiety, and sedative drugs on global levels and on 
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spatial distribution need to be taken into account when clinical PET scans 
recorded in a “resting state” are interpreted. Local changes due to specific tasks 
or stimuli are used in activation studies to localize brain functions by comparison 
of two or more conditions. 



3,5.1 Wakefulness and Sleep 

There is a global decrease in CMRglc during slow- wave sleep [1768], and CBF is 
decreased particularly in the prefrontal cortex, dorsal pons and mesencephalon, 
thalami, basal ganglia, basal forebrain/hypothalamus, orbitofrontal cortex, ante- 
rior cingulate cortex, and precuneus [1769, 1770]. Even light stage-i sleep is associ- 
ated with decreased CBF in cerebellum, posterior parietal cortex, premotor cortex, 
and left thalamus [1771]. There is also a relative increase in occipital cortex, which 
may correspond to a wakeful dreaming state. A higher global CMRglc level is 
observed during non-REM dreaming in stage-i sleep than in an awake resting 
state [1768]. 

During REM sleep, rCBF increases in pontine tegmentum, left thalamus, both 
amygdaloid complexes, anterior cingulate cortex, and right parietal operculum, 
but decreases in dorsolateral prefrontal cortex, parietal cortex, posterior cingulate 
cortex, and precuneus [1772]. Activation of extrastriate visual cortices with spar- 
ing of primary visual cortex has been noted [1773]. Increased CMRglc has also 
been observed in limbic and paralimbic regions, such as the hypothalamic area, 
amygdaloid complex, and orbitofrontal, cingulate, entorhinal, and insular cortices 
[1774]. The level of anxiety during REM dreams is reported to increase global 
CMRglc [1773]. The eye movements are associated with an increase in CMRglc in 
frontal eye fields and in dorsolateral prefrontal, cingulate, medial frontal, and pari- 
etal cortex [1776]. Deactivation of the heteromodal association areas (the orbital, 
dorsolateral prefrontal, and inferior parietal cortices) constitutes the single fea- 
ture common to both non-REM and REM sleep states and maybe a defining char- 
acteristic of sleep itself [1777]. 

There seems to be a paradoxical effect of visual stimulation during sleep: a rel- 
ative decrease in CBF in the rostromedial occipital cortex is found during visual 
stimulation and slow-wave sleep. This decrease is more rostro-dorsal than the rel- 
ative CBF increase along the calcarine sulcus found during visual stimulation in 
the awake state [1778]. A preferential reduction in resting CMRglc in the occipital 
areas, including visual and paravisual cortex, is observed during hypnosis [1779]. 



3.5.2 Effect of Drugs 

There is a reduction in global CMRglc and CBF with most sedative and many anes- 
thetic drugs, including propofol, sevoflurane, isoflurane, and halothane [1780- 
1787]. Only ketamine and related anesthetics may increase metabolic activity 
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[1650] (see also section 27.5.7). A reduction is seen with most antiepileptic drugs: 
when given at typical therapeutic doses carbamazepine is associated with a 12%, 
valproate with a 22%, phenytoin with a 13%, and phenobarbitone with a 37% 
reduction in CMRglc [1149-1152, 1788]. Sedative effects of benzodiazepines 
are often most pronounced in thalamus [1789]. A dose-dependent reduction in 
CMRglc brought about by zolpidem has been reported mainly in medial frontal 
cortex, cingulate gyrus, putamen, thalamus, and hippocampus [1790]. Lorazepam 
reduces whole-brain CMRglc by approx. 4%, with the largest effects in thalamus 
and occipital cortex [1791, 1792]. Midazolam significantly decreases rCBF in pre- 
frontal, superior temporal, and parieto-occipital regions, but does not abolish 
rCBF activations induced by an explicit memory task [1793]. 

Reductions in CMRglc are also observed with several opioids, such as morphine 
[1794] and buprenorphine [1795]. With fentanyl, regional neuronal activation in 
cingulate and orbitofrontal and medial prefrontal cortices, as well as caudate 
nuclei is observed, whereas CBF decreases are noted in both frontal and temporal 
areas and the cerebellum [1796]. 

The effects of graded propofol anesthesia have been studied in association with 
vibrotactile stimulation. Propofol interferes with the processing of sensory infor- 
mation first at the level of the cortex before attenuating its transfer through the 
thalamus, where the response is abolished with loss of consciousness [1797]. 

Nonsedative drugs can also influence CBF and CMRglc. There is a marked CBF 
increase (without a change in CMRglc) caused by the carboanhydrase inhibitor 
acetazolamide [934, 940, 1798], which is related to an increase in arterial pC 0 2 , and 
by other vasodilating substances [1799]. Adenosine increases CBF in anesthetized, 
but not in awake humans [1800, 1801] . Scopolamine impairs memory functions but 
may increase resting CMRglc, mainly in parietal and occipital regions [1802, 1803], 
with a relative reduction in the attention-modulating structures thalamus and cin- 
gulate and basal ganglia [1804]. Conversely, cholinergic stimulation by nicotine 
reduces CMRglc by approx. 10% [1632]. Dexamethasone has no pronounced cog- 
nitive effects but may possibly reduce brain FDG uptake [647, 648]. 

Drugs may exert a neuromodulatory influence on changes in CBF and CMRglc 
during functional brain activation. This has been observed in some studies 
for anticholinergics [1805, 1806]. Dopaminergic drugs may also play a part. For 
instance, increases in rCBF in response to a memory challenge are attenuated by 
apomorphine in the dorsolateral prefrontal cortex and augmented in the retros- 
plenial region of the posterior cingulate. Conversely, buspirone attenuates blood 
flow increases in the retrosplenial region [1807]. 



3.5.3 The "Resting State"' 

Clinical CBF and FDG studies are usually performed with patients in a resting 
state, which means there is no specific sensory stimulation and patients are not 
engaged in any behavioral or physical task. This is an important point of difference 
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from other radiological and nuclear medicine examinations and is the main rea- 
son why brain PET needs to be performed in specialized laboratories. Patients are 
typically lying comfortably in the scanner in the supine position, in a quiet exam- 
ination room with dimmed lights. In many laboratories, patients are asked to close 
their eyes before the start of the examination and to keep them closed throughout. 
It is important to make subjects familiar with the surroundings prior to the exam- 
ination to avoid any unnecessary anxiety or restlessness. With FDG, the initial 
tracer accumulation after i.v. injection does not need to be recorded by the scan- 
ner, and resting conditions can therefore be achieved in a preparation room before 
the patient is positioned in the scanner after 20-50 min. This temporary disrup- 
tion of resting conditions is has little effect because of its short duration after most 
of the tracer accumulation has already been completed. However, even with the 
best care, it is obvious that the resting state will be subject to some variability, 
because some background noise is usually unavoidable (e.g., from fans of elec- 
tronic equipment). Most importantly, there is no way of controlling the patient’s 
mental activity during the examination [1808]. 

Other states have been tried as the standard reference condition. It was noted 
early on that sensory deprivation (achieved by use of earplugs and blindfolds) 
led to more asymmetric brain metabolism [1809] and could induce anxiety, and 
this is therefore not recommended. On the other hand, tasks demanding continu- 
ous attention have been suggested to keep mental processes controlled and to pre- 
vent subjects from falling asleep during the examination [1810, 1811]. A narrower 
variability of normal CMRglc was observed during a picture-viewing condition 
than in resting studies [1812], but these data have not yet generally convinced re- 
searchers to abandon the more easily applied “resting state”. 

Anticipatory or actual anxiety during the examination may influence CBF and 
CMRglc, mostly involving limbic regions [1466, 1813], but differences are usually 
small and often not significant [1814]. In one study, global CMRglc tended to be 
higher in the first than in the repeat study [1815], whereas the reverse was found in 
another study [1810], and the difference was not statistically significant in either 
study [1816, 1817]. Divergent results may be explained by an inverted U-shaped 
relation between anxiety and CBF [1818] (see section 2.7.4 on anxiety disorders for 
further data on regional effects). 



3.5.4 Activation Studies 

Specific brain functions can be localized by comparing CBF or CMRglc during 
performance of a specific task with a condition that does not include that task but 
is otherwise identical (or at least as similar as possible). This was made possible in 
the early 1980s by PET, initially using primarily FDG [1819, 1820]. With 15 0 -water 
or other ultra-short-lived CBF tracers, multiple replications of conditions in the 
same subject became possible [1821, 1822], and these techniques were widely used, 
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especially for the study of higher brain function in the rapidly growing field of 
cognitive neuroscience. This has become a research area in its own right, similar 
to neuroanatomy and neurophysiology, with only limited links to clinical neurol- 
ogy. In recent years fMRI has become the dominant imaging technique in this field 
because it does not involve ionizing radiation and is thus also easily used in nor- 
mal controls, allows more rapid signal acquisition and more flexible experimental 
arrangement of stimuli. 

There are advantages of PET, however, it provides a more physiologically spe- 
cific signal, better quantitation, and a better signal-to-noise ratio and fewer arti- 
facts in individual acquisitions. PET also provides not only the difference signal 
between activated and reference conditions, but also actual activated and refer- 
ence regional values, which may show a much better correlation with task per- 
formance than the difference signal provided by fMRI [1823]. These advantages 
support its continued use, especially in pathophysiologically complex clinical sit- 
uations such as brain tumors and cerebrovascular disease, where CBF responses to 
activation may be altered [1824]. These are reviewed in the appropriate clinical 
sections. For the large field of brain mapping by activation studies in normal con- 
trols, mainly in the context of cognitive neuroscience, the reader is referred to 
other recent publications [1825-1827]. 



3.6 Tissue Oxygen Pressure and pH 

The measurement of tissue pH with n C-C 0 2 employs a kinetic model that includes 
effects of tissue pH, blood flow, and fixation of C 0 2 into compounds other than 
dissolved gas and bicarbonate ions [1828, 1829]. With known pH, tissue oxygen 
pressure ( p 0 2 ) can be calculated from the oxygen extraction fraction. The relation 
between oxygen saturation and p 0 2 is obtained through the oxygen dissociation 
curve [1830]. 

An alternative that has been used to measure brain tumor pH is n C-5,5- 
dimethyl-2,4-oxazolidinedione (DMO) [715, 1831]. Its brain-blood partition co- 
efficient depends on tissue pH and on arterial blood hematocrit and pH. With 
independent measurement of the latter, tissue pH can be imaged from the equi- 
librium distribution of the tracer. More accurate pH images were calculated from 
the data obtained after injection of DMO and measurement of extracellular water 
by injection of 7<5 Br [878]. 



3.7 Amino Acid Transport and Protein Synthesis 

Amino acids are transported across the BBB by transporter enzymes, and to a 
lesser degree by passive diffusion. Generally, the L-isomers of the essential amino 
acids (leucine, valine, methionine, and for the brain also tyrosine) are of the great- 
est biological relevance and are therefore often used as tracers. Most of them 
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are apparently substrates for the sodium-independent large neutral amino acid 
(LNAA) transport system, of which the transporter LATi is highly expressed at the 
BBB [1832-1834]. LNAA transport operates close to saturation under physiological 
conditions, and therefore tracer uptake depends on the amino acid plasma levels 
[1835]. LATi is up-regulated in glioma cells [1836]. 

Transport of amino acids across the BBB is slower than that of glucose. 
Blood-brain transfer rates for essential LNAA are in the order of 0.05-0.1 min -1 , 
and even lower for the nonessential amino acids [1837]. Uptake of LNAA is higher 
in posterior parts of the brain and in cerebellum than in the anterior parts of the 
brain [1838]. 

Amino acids enter many metabolic pathways, which poses challenges for quan- 
titative modeling. Traditionally, protein synthesis has attracted most interest, 
because of its obvious key function. Quantitative assessment of protein synthesis 
would be of interest in many brain disorders, such as degenerative diseases, stroke 
and trauma and subsequent regeneration, and in brain tumors. There have been 
pilot studies to address these issues, but it became clear that even if tracers could 
be found, that undergo little metabolism other than being used for protein syn- 
thesis the concentration of competing unlabeled amino acids at the level of trans- 
fer RNA would have to be taken into account [1839-1844]. Because these levels are 
usually not known with sufficient accuracy in vivo, quantitation of protein syn- 
thesis rate (PSR) has remained an elusive goal. 

To date, the most conspicuous changes in amino acid uptake have been noted 
in brain tumors (see section 2.3). With kinetic studies, it became clear that the 
increase in amino acid uptake that is seen in most brain tumors compared with 
normal brain is present even at the start of the uptake curves. Modeling demon- 
strates that it is mainly a change in k v representing transport rather than metabo- 
lism (including protein synthesis) [1845]. This was confirmed further by use of 
amino acids that do not undergo major metabolism and do not enter protein syn- 
thesis [1846]. Thus, even for the dopamine precursors and metabolites l8 F-FDOPA 
[1847] and 3-0-methyl-6- l8 F-fluoro-l-DOPA [1848] uptake is also increased in 
brain tumors, because it also uses the activated LNAA carrier. Thus, for current 
clinical applications, the use of most amino acid tracers is limited to the demon- 
stration of altered amino acid transport. 



3.7.1 Transport-only Tracers 

Several chemically modified (unnatural) amino acids are transported to some 
extent by the carriers across the BBB (with increased uptake in brain tumors), 
although they are not incorporated into proteins [1849]. These include 0-(2- l8 F- 
fluoroethyl)-L-tyrosine (FET) [1850, 1851], which is transported mainly by the 
LNAA carrier. Absence of protein incorporation and other major metabolism 
simplifies quantitation. A one-tissue-compartment model with rate constants kj 
for transport from blood to tissue and k 2 for the reverse is usually used (see sec- 



158 Chapter 3 • Imaging Brain Function 



tion 4.9.1). Peripheral extraction of amino acids is low. Thus, blood sampling from 
a heated dorsal hand vein such as is used for FDG studies (see section 4.9) is suffi- 
cient to provide an input function for absolute quantitation. In a comparison with 
11 C-methionine (see section 3.7.2), uptake in normal brain tissue and brain tumors 
is slightly lower, but comparable with regard to tumor-brain contrast [1852]. The 
effect of aging has been studied with L-2- l8 F-fhiorophenylalanine. There was no 
change in blood-to-brain transfer, but there was an increase in efflux with age 

[1853]- 

There is also some interest in amino acids, such as a-aminoisobutyric acid 
and related compounds, that are preferentially transported by the A transport sys- 
tem [1854, 1855]. The A system has a lower capacity than the L system, but may 
be used to image brain tumors because there is no transport of these tracers across 
the normal BBB [1856]. A related compound is n C-labeled aminocyclohexane 
carboxylate (ACHC), which shows slow uptake in normal human gray matter 

[1857]. 



3.7.2 Tracers with Incorporation into Proteins 

The most widely used tracer for incorporation into proteins is u C-methionine 
(MET), which is usually labeled in the methyl position. It is transported mainly by 
the LNAA system and subsequently undergoes complex metabolism that involves 
not only incorporation into proteins but also intermediary metabolism (Fig. 3.2) 
[1858]. There have been attempts at modeling the protein synthesis rate (PSR) [653, 
1859, i860], but they have not been validated convincingly. Intracellular metabo- 
lism of this tracer, however, has the practical advantage that it is largely trapped in 
tissue, which facilitates imaging. For clinical applications, lesion to contralateral 
brain uptake at intervals 10-60 min after i.v. bolus injection has been most widely 
used (see section 2.3.1.2). Normal uptake is higher in cortex than in white matter, 
and the occipital region and the cerebellum show higher uptake than frontal, tem- 
poral and parietal regions [1838] . There is a change of uptake associated with brain 
maturation [1861]. 

Uptake kinetics of MET into brain and tumor tissue have been studied by com- 
paring the two stereoisomers, L-methionine (which is incorporated into proteins), 
and D-methionine (which is not, but is still a substrate for the carrier at the BBB). 
Higher trapping of the l- than the D-isoform was seen in pituitary adenomas [671] 
but not in gliomas [1862]. Specificity of transport was demonstrated by competi- 
tion with branched amino acids [1863]. 

Other n C-labeled essential amino acids with somewhat less complex metabo- 
lism have been tested with regard to their potential for measuring the cerebral 
PSR. The include n C-leucine [1864] and L-i- n C-tyrosine [1865-1868]. Reduced 
uptake and protein synthesis in phenylketonuria was demonstrated with L-i- n C- 
tyrosine [1869]. 
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L-2- l8 F-Fluorotyrosine is one of the few fluorinated amino acids that is incor- 
porated into proteins [1849, 1870]. Owing to the longer half-life of l8 F compared to 
n C, it appears to be particularly well suited to the study of PSR, and it has been 
modeled successfully by a two-tissue-compartment model [1845] . By these means, 
the increased uptake in brain tumors has been shown to be largely due to 
increased transport rather than to increased PSR. 
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3.7.3 Precursors and Analogues for Transmitter Systems 

The biogenic amine transmitter systems of dopamine and serotonin have amino 
acid precursors that can be labeled and used to estimate transmitter synthesis. 
They are described in the specific sections devoted to these transmitter systems 
(dopamine: section3.io; serotonin: section3.i2). 



3 .8 Nucleosides and DNA Synthesis 

Measurement of cell proliferation rates and DNA synthesis is of great interest in 
tumors, including brain tumors. Cell proliferation determines tumor growth, 
which is the ultimate cause of disease progression and death. Reduction of cell 
proliferation rates is therefore the goal of therapy, and measurement of these rates 
would provide a direct indicator of therapeutic success. 

There are specific transporters for nucleosides at the BBB, in particular the con- 
centrative Na + nucleoside cotransporter CNT2 [1871]. However, transport capacity 
and transport rates are several orders of magnitude smaller than those for glucose 
and large neutral amino acids [1872, 1873], and uptake may not be significant in 
normal brain within the 60- to 90-minute duration of a standard PET examina- 
tion. 

Most relevant tracers are analogues of nucleosides of the pyrimidine type, 
probably because purine nucleosides are also involved in second-messenger sig- 
nal transduction and energy metabolism. In vivo the nucleosides undergo phos- 
phorylation by kinases, forming nucleotides that are then combined to DNA and 
RNA. Methods are being developed to achieve specificity for nonhuman kinases to 
image gene expression, which are described in the section on molecular imaging 
(section3.9). 

The pyrimidine nucleotides deoxycytidine triphosphate and thymidine 
triphosphate are used in DNA synthesis. Although de novo synthesis of the pyrim- 
idine nucleotides via uridine monophosphate is active in most cells, the high 
demand during DNA synthesis is accomodated mostly via the salvage pathway by 
phosphorylation of deoxycytidine and thymidine. A key enzyme in this pathway 
is thymidine kinase 1 (TKi) [674], whose activity is regulated by posttranscrip- 
tional mechanisms and is greater (about 10-fold) in S phase than in Gi phase [1874, 
1875]. PET imaging has the goal of measuring the tracer accumulation due to this 
pivotal step and thus estimate proliferation rate. 

This principle has been followed with 2- n C-thymidine. Increased uptake of this 
tracer in gastrointestinal cancer is observed after inhibition of de novo nucleotide 
synthesis [1876]. Major metabolites must be considered in blood and tissue [1877], 
including degradation via thymine, dihydrothymine to n C-C 0 2 which is ex- 
changed between blood and tissue [1878]. Kinetic analysis was able to remove the 
confounding influence of n C-C 0 2 , the principal labeled metabolite of 2- n C-dThd, 
and to estimate the flux of dThd incorporation into DNA [1879]. Because of its 
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complexity, the quantitative model is not yet fully validated or suitable for clinical 
application. An alternative is labeling of thymidine by n C in the methyl group 
(methyl- n C-thymidine),but modeling is even more complicated because the label 
goes mainly to organic acid metabolites and its uptake in brain tumors is not 
specifically related to DNA synthesis [1880]. 

Substantial progress was achieved with the synthesis of 3 > deoxy-3 , - l8 F-fluo- 
rothymidine (FLT) [1881]. It is trapped in tissue after phosphorylation by TKi, 
resulting in high accumulation in tumors to give above-background tissue values 
[674]. There is little accumulation in DNA and little other metabolism. Close cor- 
relations were found between measures of FLT uptake and Ki-67 scores (a prolif- 
eration index) in lung cancer [675, 1882] and in lymphoma [1883]. There is also 
accumulation in human brain tumors [698]. The radiation dose with this tracer is 
comparable to that for other PET procedures [1884]. 

Other fluorinated thymidine analogues that are incorporated into DNA, in par- 
ticular compounds with acronyms FMAU and FBAU, have been labeled with n C, 
l8 F, and 76 Br and are being tested for potential clinical use [1885-1888]. Another 
compound of interest is 124 I-iododeoxyuridine, which has been tested in brain 
tumors but has high background activity [676]. 



3.9 Molecular Imaging 

Techniques for imaging of molecular mechanisms provide exciting possibilities 
for studying local tissue genomics and proteomics in vivo. In a wider sense this 
concept comprises all those many PET studies of the brain that measure the activ- 
ity of specific enzymes (e.g., hexokinase by kinetic FDG studies, monoamine 
vesicular transporters by n C-dihydrotetrabenazine, and acetylcholine esterase by 
n C-MP4A) and the binding capacities of specific receptors, as described elsewhere 
in the text. Usually, PET does not measure the amount of protein expression 
directly, but assesses the functional capacity of the molecules, which is the ulti- 
mate result of proper expression. Standard in vitro antibody-based techniques for 
assessment of protein expression are limited to brain and tumor vessels but are 
not generally applicable with PET, because monoclonal antibodies do not cross the 
BBB and therefore do not enter the intact brain when injected into the blood- 
stream. The functional measures used in PET usually employ molecules of much 
lower molecular weight that are either small enough or lipophilic enough to cross 
the BBB passively or bind to specific transporters that carry them into the brain. 
Delivery and washout of substances with high blood-to-brain extraction typically 
depend on local blood flow (see section 3.2. for details). This needs to be taken into 
account for proper interpretation of their distribution and kinetics. Transport 
rates for substances with low extraction may also vary locally. Thus, quantitation 
of the activity of the target enzyme or receptor-binding capacity often requires 
kinetic analysis to separate this specific process from blood-to-brain transport 
(see section 4.9.2). 
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Application of these techniques to assess the expression of gene products that 
have been introduced artificially by gene transfer has found particular interest in 
recent years [1889]. Most frequently, expression of herpes simplex virus thymidine 
kinase (HSV-TK) has been studied, but studies have also been extended to the 
transfer and expression of other nonhomologue genes. In many instances, studies 
aim at the demonstration of expression in qualitative terms, which is appropriate 
in this situation with absent background expression, rather than quantitative 
measurement of gene expression. These studies are at the core of the modern con- 
cept of molecular imaging and are described in detail below. A related area of 
intense interest is specific binding of tracers to substances that occur in certain 
diseases, such as amyloid plaques in Alzheimer disease (see section 2.1). Fusion 
reporter genes can be engineered to be activated by specific protein-protein inter- 
actions, which can thus be imaged with PET [1890]. 

The modern concept of molecular imaging (see [1891] for review) also refers to 
local assessment of binding to specific RNA or DNA sequences. Since these tech- 
niques usually depend on complementary binding with labeled RNA or DNA and 
similar molecules, which in their native form enter normal brain slowly and in 
small amounts only, if at all, progress in this field is slow. A promising approach to 
overcoming the BBB is the coupling of these molecules to peptidomimetic mono- 
clonal antibodies (mABs) that bind to endogenous BBB peptide receptor systems 
and are transported into the brain by receptor-mediated transcytosis [757, 1892]. 
By these means, antisense imaging of gene expression in rat brain tumors was 
achieved by a 16-mer antisense to the sequence around the methionine initiation 
codon of the luciferase mRNA [1893]. Monoclonal antibodies to the transferrin 
receptor have been used [1894], and the 83-14 murine mABs to the human insulin 
receptor appears promising because of its relatively high BBB permeability 
(0.005 mm -1 ) [1895-1897]. Coupling peptides to putrescine may also moderately 
increase BBB transfer [1898]. A dual-modality fusion reporter gene system con- 
sisting of Escherichia coli xanthine phosphoribosyltransferase has been developed 
for optical fluorescent imaging and for nuclear imaging with radiolabeled xan- 
thine that easily crosses the BBB [1899]. Another possible approach involves bind- 
ing to polybutyl cyanoacrylate nanoparticles coated with polysorbate 80. They 
adsorb apolipoproteins from the blood after injection and thus seem to mimic 
lipoprotein particles that could be taken up by the brain capillary endothelial cells 
via receptor-mediated endocytosis [1900]. 

With better understanding of those molecular processes that guide cell traf- 
ficking during development, disease, and regeneration, there is also interest in 
monitoring the paths of stably labeled cells. Compared with in vitro techniques, 
molecular imaging has the advantages of simultaneous assessment of molecular 
processes in different anatomical locations and of being noninvasive and repeat- 
able, so as to provide multiple measurements over time. 



3.9 Molecular Imaging 1 63 



3,9.1 Herpes Simplex Virus Thymidine Kinase Imaging 

Herpes simplex viruses (HSV) carry the gene for their own variant of thymidine 
kinase (HSV-TK), which is expressed in transfected cells. HSV has attracted 
intense interest for gene therapy in the nervous system, because of its high capac- 
ity for infecting neurons and its potential use as a carrier of therapeutic genes. 
There are also drugs (acyclovir, gancyclovir) for treatment of HSV infections that 
are activated by HSV-TK. They provided a starting point for development of spe- 
cific tracers to assess transfection by HSV. 

The HSV-TK-specific tracer 124 I-2 , -fluoro-2 , -deoxy-5-iodo-i-p-D-arabinofura- 
nosyluracil (FIAU) was developed on the basis of the drug fialuridine, which had 
been in clinical trials for treatment of hepatitis B but failed because of its toxicity 
at pharmacological doses [1901]. The long physical half-life of 124 I (4.2 days) is well 
matched to the relatively slow accumulation of the tracer due to trapping after 
phosphorylation by HSV-TK. The magnitude of FIAU accumulation in RG2TK+, 
W256TK+, and wild type tumors corresponds to the in vitro gancyclovir sensitiv- 
ity of the cell lines used to produce these tumors, which indicates that the magni- 
tude of FIAU accumulation reflects the level of HSVi-tk gene expression [1902]. 
The ability of this tracer to image the distribution and level of gene expression 
over time after HSV-tk gene transfer was demonstrated in implanted tumors 
[1903]. Accumulation rates in RG2TK+ xenografts and cells are much higher than 
for l8 F-FHPG and l8 F-FHBG (see below) [1904]. FIAU also successfully monitored 
transgene expression mediated by replication-conditional oncolytic herpes sim- 
plex virus type 1 mutant vectors [748]. Unfortunately, FIAU does not cross the 
intact BBB but it is taken up in malignant brain tumors and shows very slow 
washout with a half-life of several days [1905]. 

Analogues of the herpes virus virostatic drug acyclovir have also been devel- 
oped for imaging HSV-TK activity. The most promising compound appears 
to be 9-(4- l8 F-fluoro-3-hydroxymethylbutyl)guanine (FHBG) [1906-1909]. Appar- 
ently, however, there is no detectable transport across the intact BBB, and therefore 
further tracer developments are required for use in clinical neuroscience. 

Tracers such as FIAU may also be useful to monitor other molecular processes. 
A herpes simplex virus type 1 thymidine kinase/green fluorescent protein ( TK - 
GFP) dual reporter gene and a recombinant retrovirus bearing this TK-GFP 
reporter system have been constructed. With this system and FIAU it is possible to 
monitor the T-cell receptor-dependent nuclear factor of activated T cells [1910]. It 
has also been used to demonstrate elevated cellular levels of proteins fused to 
dihydrofolate reductase after exposure of cells to antifolates, which may be a very 
useful method of modulating gene expression in vivo [1911]. In a similar approach, 
a fusion gene was constructed from HSVi-sr39tk and renilla luciferase to combine 
PET and optical imaging for translation of techniques developed in cell culture 
into preclinical and clinical models [1912, 1913]. 
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3.9.2 Reporter Gene Imaging 

A general approach to noninvasive imaging of transgenes uses cis - linked herpes 
simplex virus thymidine kinase, which is controlled by the same promoter [1914]. 
Similarly, correlated hepatic D2 receptor and HSVi-sr39tk PET reporter gene 
expression was demonstrated in mice with microPET after transfection with an 
adenovirus containing a cytomegalovirus early promoter-driven transcription 
unit [1915]. 

Potential reporter genes other than HSV-TK code for the human type 2 somato- 
statin receptor [1916, 1917], which has been used for nonbrain tumor imaging with 
SPECT, and for the gene for the human dopamine D2 receptor, which is not 
expressed outside of the brain and can there serve as a reporter for successful gene 
transfer [1918]. It is not yet clear whether these approaches will also be applicable 
with PET in neurology. Somatostatin receptor expression in somatotrophic 
tumors of the anterior pituitary may be an area of clinical interest. 



3.9.3 Oligonucleotides 

Antisense oligonucleotides are promising pharmaceuticals because of their ability 
to selectively inhibit the expression of specific proteins. Their in vivo use is diffi- 
cult because natural oligonucleotides undergo rapid metabolism and elimination, 
but chemical modifications are being developed to increase their stability. It has 
been demonstrated that they can be labeled with l8 F for PET imaging [1919]. 
Improved in vivo uptake into organs, including brain, has been shown by use of a 
synthetic anionic vector [1920]. 



3.9.4 Apoptosis and p53 

Radiolabeled annexin-V was tested in control and camptothecin-treated (i.e., 
apoptotic) human leukemic HL60 cells [1921]. A key protein regulating apoptosis 
is P53, and therefore its expression is of interest in brain tumors, which may have 
lost P53 and therefore fail to enter apoptosis after cell damage. Endogenous 
expression of P53 has successfully been imaged in experimental tumors using a 
ds-p53-TK-GFP reporter system [1922]. 



3.9.5 Cell Trafficking 

Cell trafficking in the nervous system is a process that has a time scale of days. 
Thus, tracers need to have appropriate half-lives. One of the longer lived positron- 
emitting isotopes is 64 Cu, with a 12.7-h half-life. 64 Cu-pyruvaldehyde-bis(A4- 
methylthiosemicarbazone) has been used to effectively label C6 rat glioma cells ex 
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vivo [1923]. TKi imaging with FIAU has also been used to study the migration of ex 
vivo-transduced antigen-specific T cells [1924]. Mouse bone marrow-derived den- 
dritic cells have been labeled with l8 F using N-succinimidyl-4- l8 F-fluorobenzoate 
and their in vivo biodistribution and migration has been followed over 4h [1925]. 



3.9,6 Angiogenesis 

Expression of vascular endothelial growth factor (VEGF) was assessed with an 
immunoglobulin Gi monoclonal antibody known as VG76e, labeled with 124 I 
[1926]. HUMV833, a humanized version of a mouse monoclonal anti- VEGF anti- 
body (MV833) that has antitumor activity against a number of human tumor 
xenografts, was labeled with 124 I and the distribution and biological effects of 
HUMV833 was studied with PET in patients in a phase I trial [751]. Preliminary 
results showed a heterogeneous tracer distribution between and within patients 
and between and within individual various solid tumors. Angiogenesis can be 
stimulated by hypoxia via activation of the hypoxia-inducible transcription factor 
icx. This activation and subsequent up-regulation of VEGF were also imaged after 
transduction of C6 and RG2 glioma cell by dual-reporter vector and expression of 
the TK-GFP reporter gene [730]. 



3.10 Dopamine Syste m 

Dopaminergic neurotransmission has a central role in many brain functions. It is 
necessary for proper movement coordination, and degeneration of the nigrostri- 
atal dopamine system causes Parkinson disease and related syndromes. Pulsatile 
dopamine secretions elicit pleasant feelings and form a strong reward system that 
appears to play a central role in drug abuse. In striatum dopamine receptors of 
type 2 (D2) are dominant, whereas in the mesolimbic and mesocortical projec- 
tions Di and D3 receptors also play an important part in cognition and emotion. 
Thus, the dopamine system has attracted much interest and several PET tracers 
have been used clinically to study the presynaptic (dopamine synthesis, transport 
and storage) and the postsynaptic (receptor) side (Fig. 3.3). 



3.10.1 Precursors and Analogues of Dopamine 

The most widely used analogue for the dopaminergic system is L-6- l8 F-fluoro-3,4- 
dihydroxyphenylalanine (FDOPA) [275]. The effective dose per unit of adminis- 
tered FDOPA activity is 0.0199 mSv/MBq, with the highest organ dose to the blad- 
der wall surface (0.130 mGy/MBq) [1927] . The tracer is transported across the BBB, 
as are the other large neutral amino acids (see above), and is then decarboxylated 
by aromatic amino acid decarboxylase (AAAD) to l8 F-dopamine, which is stored 
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Schematic illustrating a dopaminergic synapse and related radiotracers 



in dopamine vesicles. In a similar way to dopamine, it is metabolized further by 
catechol- O-methyltransferase (COMT) and by monoamine oxidase (MAO) [1928]. 
The metabolites leave the brain only slowly [1929], and thus activity accumulates 
during measurement times of typically up to 90 mm. Accumulation is highest in 
brain regions rich in aromatic amino acid decarboxylase, these being the mid- 
brain, caudate, and putamen. There is a slow loss of metabolites from striatum, 
which has been studied in monkeys with extended measurement times of up to 
240 min [1929]. Metabolite loss is increased in MPTP-lesioned monkey striatum. 

Decarboxylase activity is reduced in diseases with degeneration of dopaminer- 
gic neurons, mainly Parkinson disease and related disorders (see section 2.2). It 
has been demonstrated that striatal uptake of FDOPA is strongly correlated with 
in vitro measurements of AAAD activity [1930]. In vivo estimates of AAAD are 
generally as little as one-tenth those measured in vitro, which maybe due to trans- 
port restrictions limiting substrate availability to AAAD within the neuron [1930]. 
FDOPA uptake is not strictly specific for dopaminergic cells but also includes 
many regions with relatively high concentrations of norepinephrine and serotonin 

[w]- 

Accurate quantitation of AAAD activity is difficult owing to interference from 
the metabolite 3-0-methyl-6- l8 F-fluoro-L-dopa (OMFD), which is generated in 
body and brain and can cross the BBB, probably also via a carrier mechanism 
[1932-1934]. In principle, it would require arterial (or hot venous) blood sampling 
with separate determination of metabolite activity. Such studies demonstrate that 
forward transport rates for FDOPA and OMFD from plasma to striatum are very 
similar [1935]. Thus, for detection of reduced uptake in Parkinson disease and 
related disorders, a simplified kinetic procedure has proved sufficient [295]. It 
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relies on kinetic data uptake over 90 min after i.v. bolus injection of l8 F-fluo- 
rodopa. The influx constant is determined according to the Patlak approach [1936] 
modified so that uptake in occipital cortex, which is relatively free of dopaminer- 
gic innervation, is used as the reference input function (see section 4.9.2). In order 
to reduce peripheral decarboxylation of l8 F-FDOPA, a decarboxylase inhibitor 
(e.g., carbidopa 100 mg) is given about lh before tracer injection. As Parkinson 
disease progresses, the bias due to OMFD becomes more important, and the influx 
constant is more closely related to DA storage capacity and less closely to the DA 
synthesis rate [1937]. 

Several other substrates for AAAD have been tried as alternatives to FDOPA. 
l8 F-6-Fluoro-L-m-tyrosine has been suggested because it is not a substrate for 
COMT [1938-1940]. It has been used to demonstrate that AAAD activity does not 
decline with age [1941], and reductions have been demonstrated in MPTP-lesioned 
monkeys [1942, 1943]. It has low affinity for vesicular transporter enzymes and is 
therefore not stored in transmitter vesicles, which makes it inferior to FDOPA for 
imaging of presynaptic dopaminergic system integrity [1944, 1945]. l8 F-4-Fluoro- 
L-m-tyrosine has also been studied, with similar results [1946]. Another com- 
pound of potential interest is l8 F-fluoro-p-fluoromethylene-ra-tyrosine [1947, 
1948]. 

An obvious approach to study DOPA decarboxylation is labeling of DOPA with 
n C. Whereas labeling in the carboxyl position does not lead to specific uptake due 
to early loss of the metabolite n C-C 0 2 , n C-DOPA labeled in the beta position accu- 
mulates in striatum in a similar way to l8 F-FDOPA, and influx rates can also be 
measured by the Patlak approach with occipital reference tissue [1949]. In com- 
parison with FDOPA, accumulation can be measured in practice only over shorter 
times up to 60 min, owing to loss of signal from decay of n C and loss of labeled 
metabolites. There may be less disturbance of the signal from labeled COMT, 
which is found in lesser amounts in plasma than with FDOPA [1950]. 



3.10.2 Dopamine Transporter 

Dopamine reuptake from the synaptic cleft is mediated by the dopamine trans- 
porter (DAT) [1951]. DAT is essential for recycling of dopamine back into the 
presynaptic neuron. Its inhibition, e.g., by psychostimulants cocaine and methyl- 
phenidate, leads to a massive rise in synaptic dopamine levels. Clinical interest in 
measuring DAT levels is therefore mainly centered on studies related to drug 
abuse (see section 2.7.5) or to Parkinson disease and related disorders with degen- 
eration of dopaminergic neurons (see section 2.2). 

Cocaine has been labeled with n C and l8 F [1952-1955], but it has relatively low 
specificity [1956]. Methylphenidate has similar affinity for DAT to cocaine [1564, 
1957) 1958] and increases the synaptic dopamine concentration to a similar degree 
[1566]. Owing to its slower kinetics, the addictive potential is not as high as that of 
cocaine [1959, i960]. Specific binding of methylphenidate has been demonstrated 
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by comparing the active with the inactive enantiomer, both labeled with n C [1961] . 
Nomifensine was the first drug for DAT imaging that was labeled with n C [310], 
with subsequent clinical use mainly in Parkinson disease, but interest in it waned 
due to its low affinity and specificity. 

Other analogues of cocaine, such as RTI-55 (P-CIT), RTI-121, RTI-364, RTI-330, 
RTI-357, WIN-35428, GBR-12935, and PE2 have been labeled with iodine-123 for 
SPECT and with n C for PET [1962-1971]. Subsequently, some have also been 
labeled with l8 F [1972-1975] and with ? 6 Br [1976]. Kinetic properties of these trac- 
ers and DAT occupancy by drugs have been studied using a small-animal PET 
scanner [1977]. In vivo measurements of DAT occupancy by such rapidly clearing 
drugs as cocaine requires the use of radiotracers with similar kinetics to the drug 
itself [1978]. Absence of measurable lipophilic labeled metabolites and the occur- 
rence of transient equilibrium within the time of the PET measurement indicate 
that l8 F-p-CIT-FP is superior to n C-P-CIT-FP as a PET radioligand [1979]. With a 
related compound, n C-p-CIT-FE, the antiaddictive drug bupropion has been 
shown to act as a DAT blocker [1379]. Other recently developed compounds 
with high selectivity for the dopamine transporter are n C-p-CPPIT (derived from 
RTI-177) [1980] and n C-PE2l [1981]. In a human subject, the latter reached a stria- 
tum-to-cerebellum ratio of 10 at peak equilibrium 40-50 min after i.v. injection. 

Increased selectivity for dopamine transporters has been demonstrated for 
l8 F-labeled 2-p-carbomethoxy-3-p-(4-chlorophenyl)-8-(2-fluoroethyl)nortropane 
(FECNT) [1982] . It was used to study the interaction of anesthetic agents with DAT, 
which had also been demonstrated with n C- WIN-35428 [1983]. Experiments indi- 
cate that DAT is trafficked into the cell by isoflurane without changing the total 
amount of DAT in the striatum. The PET data are consistent with this finding, pro- 
vided that intracellular DAT acquires a conformation that has low affinity for 
FECNT [1984]. There is also an interaction between DAT and ketamine [1575]. 
There seems to be little effect of drugs that cause dopamine release on apparent 
DAT-binding capacity [1985]. 

An age-related decline of DAT in basal ganglia has been demonstrated with 
n C-cocaine [1986] and with l8 F-2-p-carbomethoxy-3-P-(4-fluorophenyl)tropane 
(CFT). The annual decline with the latter compound in normals was 2.1% for the 
putamen and 2.9% for the caudate nucleus [372]. A more detailed study of aging 
effects in the dopaminergic system including pharmacological challenge condi- 
tions has been performed in monkeys [1987]. 



3.10.3 Vesicular Monoamine Transporter 

Function of synaptic vesicles requires action of vesicular transporters which 
mediate vesicular uptake of dopamine and other monoamines. Dihydrotetra- 
benazine (DTBZ), which is a weak dopamine receptor antagonist and a potent 
inhibitor of the vesicular monoamine transporter type 2 (VMAT2) [1988], has 
been labeled with n C. 
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3.10*4 D1 Receptors 

The benzazepine n C-SCH 23390 is a potent and selective Di antagonist that was 
developed as the first clinically useful tracer for these receptors [1989]. A major 
drawback for practical applications is that it takes more than 4I1 to reach equilib- 
rium in vivo [1990], so that a kinetic approach is necessary to quantify receptor 
binding. It has been used mainly in competition studies to examine binding of 
neuroleptic drugs to Di receptors, usually in comparison with binding to D2 
receptors [1461, 1991-1993], and for studies of Parkinson disease [1994] (see also 
section 2.2.1.6). An age-dependent decrease in Di receptor binding is observed in 
humans in the caudate (6.9% per decade) and putamen (7.4% per decade) [1995], 
but no age effect is found in monkeys [1987]. 

A more recently developed tracer is n C-NNCii2, for which both kinetic and 
graphic analyses provide receptor measures in good agreement with the known 
distribution of Di receptors (striatum > limbic regions = neocortical regions > 
thalamus) in humans [1996]. Related compounds are n C-NNC 756, which has been 
used for studies of Di-dopamine receptor occupancy and pharmacodynamics in 
man [1997, 1998], and n C-NNC 687 [1999]. n C-SCH 39166 has also been evaluated 
as a PET ligand for central Di dopamine receptor binding and occupancy [1998, 
2000, 2001]. 



3.10.5 D2 Receptors 

The first tracers to come into clinical use to study D2 receptors were spiperone 
derivatives N-methylspiperone (NMSP) labeled with n C or l8 F [2002, 2003] and 
l8 F-ethylspiperone (FESP) [2004, 2005]. They bind to D2 receptors with high affin- 
ity (K d o.inM), and also show affinity to serotonin 5-HT 2 receptors [2006-2008], 
which are more abundant in cortex than D2 receptors. Owing to their tight bind- 
ing, displacement from D2 receptors is not achieved by other D2 ligands [2009]. 
Binding is competitively reduced by pretreatment with butyrophenones but not 
by substances with lower affinity, such as the atypical neuroleptics [2010]. Another 
consequence of this essentially irreversible binding is that tracer accumulation (at 
small doses without saturation effects) not only depends on binding capacity but 
also on delivery, which depends mainly on local blood flow (see information on 
modeling in section 4.9.3.1). Kinetic studies using two levels of nonradioactive 
competing compound have been used to measure maximum binding capacity 
(B m ax) and affinity (dissociation constant K D ) separately [2011, 2012]. Spiperone 
has also been labeled with Br-76, allowing extended measurement times of up to 
25 h [2013]. 

When the influence of blood flow on binding of spiperone tracers became clear 
to most researchers, interest in the benzamide n C-raclopride (RAC) rose in spite 
of its lower affinity. It has medium affinity to D2 receptors (K D 1.2 nM), is displaced 
more easily and does not bind to serotonin receptors [2014]. It was demonstrated 
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that D2-dopamine receptors are present in the human neocortex, although their 
density is very low [2015]. Apparent binding capacity is measured after the tracer 
that is bound to receptors has approached equilibrium with plasma levels (see sec- 
tion 4-9.3.2) [2016-2018], minimizing the dependence on blood flow [2019]. RAC 
has been widely used to study receptor occupancy by neuroleptics [1452, 2020- 
2023]. 

For routine analysis of clinical RAC studies, no arterial cannulation is required 
[2024]. Compared with spiperones, there is also a difference with regard to B max of 
D2 receptors, which is not readily explained by different tracer kinetics but is also 
seen in in vitro studies [2025]. The striatal B max is about 30-40 nmol /1 for raclo- 
pride [1426, 1429], but only 15-25 nmol /1 for NMSP [2026]. This difference is also 
seen in vitro with cloned D2 receptors [2025]. 

A decrease of D2 receptors with age has been observed in humans [2027, 2028]. 
The D2 receptor binding potential appears to be significantly lower in women than 
in men [2029]. The variability of D2 receptor binding capacity and reproducibility 
of the method has been studied in various conditions [2030-2033]. Polymor- 
phisms of the D2 receptor gene may contribute to differences in binding capacity 
[1532, 2034]. 

Nemonapride (YM-09151-2) is another benzamide with similar kinetic proper- 
ties to raclopride that has been labeled with n C and has been used for human D2 
receptor studies [397]. It is not entirely specific for the D2 receptor but also has 
apparent affinity to sigma receptors [2035]. 

The short half-life of n C poses some limitations on D2 receptor studies (time 
too short for longer displacement studies, dependence on local cyclotron), which 
could be overcome by suitable benzamides labeled with l8 F. A promising candidate 
is l8 F-fallypride [2036, 2037] which has excellent specific-to-unspecific binding 
contrast. Its derivative l8 F-desmethoxyfallypride (DMFP) [2038] has a striatum- 
to-cerebellum ratio of 3:1 after 60 min in humans [2039]. D2 receptor occupancies 
of commonly used neuroleptics have been measured in the monkey brain with l8 F- 
fallypride [2040]. 



3.10,6 Studies of Synaptic Dopamine Release 

Binding of RAC to striatum is sensitive to endogenous levels of dopamine. A 
reduction in the RAC-binding potential (BP) can be caused by direct competition 
of the tracer with dopamine at the D2 receptor. This effect can be analyzed quan- 
titatively by the occupancy model using two separate RAC injections or during a 
continuous tracer infusion [2041]. Alternatively, a kinetic analysis of a single RAC 
scan employing a linear extension of the simplified reference region model that 
accounts for changes in ligand binding during the study has been proposed [2042] . 
The occupancy model is well founded, but is not without problems related to more 
complex processes, such as agonist-induced change of receptor affinity and recep- 
tor internalization [2043-2045]. 
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Pharmacological challenges with amphetamine, methylphenidate, cocaine, 
dopamine reuptake inhibitor, or tetrabenazine, which lead to increased synaptic 
levels of dopamine, result in decreased RAC binding [1562, 2041, 2046-2048]. The 
effect is most pronounced in the ventral striatum, and its magnitude correlates 
positively with the hedonic response to dextroamphetamine [2049, 2050]. It is not 
accompanied by major blood flow changes that could disturb measurement of the 
D2 receptor binding potential [2051]. In normal humans, an i.v. bolus of 0.3 mg/kg 
of methamphetamine results on average in a 24% fall in striatal binding of RAC, 
while in dopamine-deficient Parkinson disease (PD) patients only a 10% fall is 
seen [420]. It has been estimated from animal microdialysis studies that a 1% 
reduction in striatal n C-raclopride binding is equivalent to an increase of at least 
8% in synaptic dopamine levels [1433]. 

A reduction of D2 receptor binding capacity is also seen with NMSP in the 
baboon after pretreatment with amphetamine [2052]. Amphetamine-stimulated 
reduction of specific binding is also observed with l8 F-fallypride [2053]. 

Dopamine release can also be modulated by drugs that do not influence 
dopamine reuptake directly. Ketamine may increase dopamine release and cause 
hallucinations, but results with regard to the correlation between the two are still 
conflicting [2055-2057]. Changes in endogenous dopamine concentrations result- 
ing from drug-induced potentiation of gamma aminobutyric acid (GABA)ergic 
transmission by administration of gamma- vinyl- GABA or lorazepam have been 
measured with PET and RAC [2058]. A decrease in RAC binding suggesting an 
increase in dopamine concentration is also observed after administration of the 
serotonin-releasing agent and reuptake inhibitor fenfluramine [2059]. Nicotine in 
high tobacco-smoking-related doses did not release sufficient brain dopamine to 
displace RAC in the striatum [1639]. Alfentanil (a p-opioid receptor agonist) 
reduced subjective pain intensity and associated striatal dopamine release that 
was associated with a mechanical pain stimulus [1273]. 

Physiological dopamine release associated with reduced RAC binding was 
observed during functional stimulation tasks such as playing a video game 
[2060]. Even placebo saline infusion in expectation of a reward may elicit dopa- 
mine release in the ventral striatum [2061]. Dopamine release in the caudate 
nucleus was also elicited by repetitive transcranial magnetic stimulation of pre- 
frontal cortex, probably due to the close functional connections and reciprocal 
projections between these brain structures [2062]. 

Altered receptor binding after pharmacological challenge has also been 
observed with NMSP, but differences from the alterations after RAC have been 
noted. For instance, MK-801 increases NMSP binding but not RAC binding, pre- 
treatment with reserpine increases RAC binding but decreases NMSP binding, and 
the two ligands yield different values for B max [2063]. Possible explanations include 
differential influence of affinities to dimeric versus monomeric forms of the recep- 
tors, access to external and internal receptors, tracer specificity, and interference 
from CBF effects [2044]. Competition between dopamine release and RAC bind- 
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ing is not detected in cats under halothane anesthesia. It might reflect a halothane- 
promoted conversion of Di receptors to a state of lower affinity for DA [2064]. 

Labeled agonists, which are usually not used for imaging purposes because of 
their generally lower affinity, may be more sensitive to competition from endoge- 
nous dopamine. Agonists, like dopamine, bind only to receptors in a high-affinity 
state and may therefore reflect endogenous dopamine release more accurately 
[2065]. No PET studies definitively confirming this concept are available as yet. 
Promising agonist tracers are apomorphine derivatives [2066] such as N- i- n C- 
propylnorapomorphine, which demonstrates a striatum/cerebellum ratio of 2.8 
and a binding potential similar to that of the antagonist RAC in mammals [2067, 
2068]. 

In contrast to the findings for striatal D2 receptors, there are no measurable 
effects of amphetamine and reserpine on Di dopamine receptor binding, which 
may be due to low receptor occupancy in physiological conditions [2069, 2070]. 



3,10.7 Monoamine Oxidase 

Monoamine oxidases (MAO) degrade biogenic amines and thus terminate their 
synaptic action. The enzymes are expressed in aminergic neurons and in glia. 
MAO activity can be imaged by tracers derived from the drugs clorgyline and 
L-deprenyl, which as so-called suicide inhibitors bind covalently to the enzyme 
[2071]. Covalent binding involves cleavage of a C-H bond, and the kinetics of 
this process can be modified selectively by substitution of the proton by deu- 
terium. Thus, comparison of the kinetics of tracers according to whether or not 
they are deuterium-substituted can be used to analyze binding specifically, even 
if binding kinetics are otherwise difficult to separate from transport processes 
[2072]. 

MAO-B is specific for dopamine. Its inhibitors are being used in Parkinson 
disease to enhance the action of l-DOPA. It has been studied with n C-labeled 
L-deprenyl (also known as selegiline), an irreversible MAO-B inhibitor. Specificity 
of imaging can be enhanced by deuterium substitution [2073], and thus deu- 
terium-substituted n C-L-deprenyl (DED) is now preferred and provides repro- 
ducible quantification of MAO-B by kinetic measurement [2074]. It is being used 
to measure MAO-B inhibition by drugs [2075] and in the brains of smokers 
(due to an unidentified component of smoke) [1640]. Probably because of its 
preferential expression in glia, increased focal binding is seen in patients with 
epilepsy [1103], and there is an age-dependent increase in binding in normal brain 
[2076]. 

Up to now, there have been few studies with labeled clorgyline, which is an irre- 
versible inhibitor of MAO-A [2077]. It has been labeled with n C and with l8 F [2078, 
2079]. Comparison of n C-clorgyline and deuterium-substituted n C- clorgyline 
yielded evidence of non-MAO A binding of clorgyline in the white matter in 
human brain [2080]. 
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Another approach to imaging MAO-A involves befloxatone, which is a compet- 
itive and reversible inhibitor of MAO-A that has been labeled with n C. PET stud- 
ies in baboons showed rapid uptake into the brain, with high tracer concentrations 
in thalamus, striatum, pons, and cortical structures that could be blocked by pre- 
treatment with moclobemide. Thus, the tracer appears promising for PET studies 
of MAO-A in humans [2081]. 



3*1 1 Cholinergic System 

3.11*1 Acetylcholine Synthesis 

The rate-limiting step of acetylcholine synthesis is probably choline uptake in 
presynaptic cholinergic nerve terminals by the high-affinity choline uptake sys- 
tem. PET tracers are being developed for this transporter system [2082] but have 
not yet been validated for clinical use. 



3*1 1*2 Vesicular Acetylcholine Transporter 

Benzovesamicol is a substance that binds specifically to the vesicular acetylcholine 
transporter [2083] . Owing to its potential toxicity, the tracer doses that can be used 
are strictly limited. It has been successfully labeled with 123 I and used with SPECT 
in humans [145]. l8 F-Labeled derivatives were also developed [144, 2084], but have 
not been successfully implemented because it takes several hours to achieve a low 
nonspecific background in vivo. 



3*1 1*3 Nicotinic Receptors 

A natural candidate for the study of nicotinic receptors is u C-nicotine. Its initial 
distribution matches that of blood tracers [2085]. Attempts to measure specific 
binding have involved comparison of the uptake of stereoisomers (+)-(£)- and 
(-)-( 5 )-IV-methyl- 11 C-nicotine [2086-2088] and kinetic analyses [2089], without 
clear success. Problems with high nonspecific binding have also plagued investi- 
gators using several other potential tracers [2090]. 

Progress may come from more specific ligands, such as epibatidine and deriva- 
tives, which have been labeled with n C and l8 F [149], but they are difficult to han- 
dle because of their high toxicity at small doses. (+/-)-Exo-2-(2- l8 F- fluoro-5- 
pyridyl)-7-azabicycloheptane, a high-affinity wAChR agonist and epibatidine 
analogue, was evaluated in a baboon. Kinetics were compatible with PET imaging; 
high uptake was observed in thalamus and hypothalamus/midbrain, intermediate 
uptake in the neocortex and hippocampus, and lowest uptake in the cerebellum, 
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which corresponds with the known densities of nAChR [152]. High specific bind- 
ing was also demonstrated for l8 F-norchlorofluoroepibatidine [150]. 

Another potential tracer with lower toxicity is 2- l8 F-fluoro-A-8538o [147, 2091], 
but kinetics are too slow to be practical with l8 F in man [2092, 2093]. To overcome 
this limitation, an analogue of A-85380 has been labeled with 76 Br [2094]. Long- 
lasting occupancy of central nicotinic acetylcholine receptors after inhalation of 
tobacco smoke has been demonstrated with 2- l8 F-fluoro- A-85380 in monkeys [154]. 

3,11.4 Muscarinic Receptors 

The goal of imaging muscarinic receptors, which are the dominant postsynaptic 
type of cholinergic receptors in the brain, is one that has already been pursued for 
many years [2095, 2096]. Tracers that have been tested in primates include N- u C- 
methyl-benztropine [2097, 2098], n C-quinuclidinyl benzilate [2099], n C-labeled 
alpha tropanyl benzilate [2100], n C-scopolamine [2101], n C-N-methyl-4-piperidyl- 
benzilate (NMPB) [2102-2104], and n C-tropanyl benzilate [2105, 2106]. N-(2- l8 F- 
Fluoroethyl)-4-piperidyl benzilate may have advantages owing to longer possible 
measurement times [159]. The agonist n C-milameline (CI-979) showed transient 
binding, and revealed displacement in cortex and a paradoxical increase in stria- 
tum on the addition of a cold compound [2107]. 

So far, NMPB has been regarded as the most promising compound, although 
full kinetic modeling is required to differentiate transport from receptor binding 
[2108]. It may bind preferentially to the M4 subtype of muscarinic acetylcholine 
receptors [2109]. Normal aging is associated with a reduction in muscarinic recep- 
tor binding in neocortical regions and thalamus, but there are no consistent 
changes in AD [158]. 

More recently 3-(3-(3- l8 F-fluoropropyl)thio)-i,2,5,thiadiazol-4-yl)-i,2,5,6-tetra- 
hydro-i-methylpyridine (FP-TZTP) has been introduced as a M2 subtype-selec- 
tive muscarinic cholinergic ligand with potential suitability for the study of AD 
[2110]. Spatial distribution and blocking studies support its suitability for human 
studies (Fig. 3.4) [2111]. Compared with younger subjects, older subjects have sig- 
nificantly larger volumes of distribution of FP-TZTP (means and standard devia- 
tions) throughout much of the cerebellum, cortex, and subcortex [2112], possibly 
due to lower synaptic concentration of acetylcholine. 



3.1 1.5 Acetylcholine Esterase 

Anatomical studies indicate that AChE activity in cerebral cortex is mainly due to 
expression of this enzyme in cholinergic neurons and their axons [2113]. Thus, it 
seems that tracers that measure AChE activity should be useful to detect loss of 
AChE activity due to degeneration of cholinergic neurons. n C-Physostigmine has 
some potential for quantitation of cerebral AChE activity [141, 2114]. A tracer with 
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Parametric images of the distribution volume (DV) of 18 F-FP-TZTP, an M2 muscarinic 
agonist, in a young normal volunteer. Images are partial-volume corrected.The cerebellum and 
basal ganglia have the highest DV. Courtesy of Dr. Robert M. Cohen, National Institute of Mental 
Health, NIH,Bethesda,MD 



high cerebral extraction that is hydrolyzed by AChE and thus permits measure- 
ment and imaging of local AChE activity in humans is AT- n C-methylpiperdin-4-yl 
propionate (MP4P, or PMP) [119, 134, 2115] . This is hydrolyzed by AChE, and to some 
degree also by butyrylcholinesterase (BChE), and additional compounds are being 
developed with specificity for BChE [2116]. A related compound that is highly 
specific for AChE is n C-labeled N-methyl-4-piperidyl-acetate (MP4A, or AMP) 
[133, 2117, 2118]. Cerebral AChE activity appears to remain stable with age or even 
to increase slightly [119, 2119]. 

Trapping of MP4A and MP4P in tissue after hydrolysis by AChE is quantified by 
a two-tissue-compartment model (see section4.9.2.i) [2120]. Very high activity of 
AChE in basal ganglia and cerebellum has the consequence that virtually all tracer 
that is transported by blood flow is trapped in these structures. This prevents 
accurate quantitation of AChE in these regions, but also opens up the possibility of 
using these structures as a reference to derive the plasma activity kinetics and 
avoid arterial sampling [2121-2123]. 

Instead of tracers hydrolyzed by AChE, tracers that bind to AChE have also been 
introduced for PET imaging. They include N-benzylpiperidinebenzisoxazole 
n C-CP-i26998 [142, 2124] and the reversible inhibitor n C-donepezil [2125, 2126]. 
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3.1 2 Serotonin System 

In the central nervous system, serotonin is involved in eating, sleep, sexual behav- 
ior, impulse control, circadian rhythm, and neuroendocrine function. Serotonin is 
also a precursor of the hormone melatonin. Serotonin function is probably altered 
in many psychiatric disorders, in particular in depression and obsessive compul- 
sive disorders. 

The effect of serotonin on cortical CMRglc has been studied by the administra- 
tion of fenfluramine in normal volunteers [2127]. It leads to increased CMRglc in 
left prefrontal and left temporoparietal cortex. 



3.1 2,1 Serotonin Precursors 

n C-Alpha methyl-tryptophan (AMT, MTrp) was originally developed to measure 
serotonin synthesis in vivo with PET [2128]. It is an analogue of tryptophan, 
the precursor for serotonin synthesis. Some AMT is converted to alpha n C- 
methylserotonin, which is trapped in serotonergic neurons because it is not 
degraded by monoamine oxidase [2129]. The Patlak graphic approach used on a 
pixel-by-pixel basis in normal human subjects reveals high uptake values (sug- 
gesting high serotonin synthesis capacity) in putamen, caudate, thalamus, and 
hippocampus. Among cortical regions, the highest values are measured in the 
gyrus rectus of the inferior frontal lobe, followed in declining order by transverse 
temporal gyrus; anterior and posterior cingulate gyrus; middle, superior, and infe- 
rior temporal gyri; parietal cortex, and occipital cortex. Values are 10-20% higher 
in women than in men [2130], and there is a gradual increase in uptake from ages 
2 to 15 years in childhood [2131]. Studies in monkeys, however, indicate that the 
AMP model for the computation of serotonin synthesis rates is heavily dependent 
on free TP concentration in plasma and cells and that AMT uptake rates may not 
accurately reflect actual serotonin synthesis rates [2132]. In pathologic conditions, 
its uptake may also depend on the synthesis of quinolinic or kynurenic acid via the 
kynurenine pathway. Increased levels of serotonin and quinolinic acid have been 
observed in epileptogenic lesions, raising the possibility that MTrp-PET may 
localize the epileptogenic area [1098, 2133]. 

5-Hydroxy-L-tryptophan labeled with n C in the p-position (HTP) is a substrate 
for the second enzymatic step in serotonin synthesis [2134]. Kinetic tracer uptake 
studies in normal human subjects indicate a component of irreversible tracer 
accumulation, suggesting the use of HTP-PET measurements to investigate sero- 
tonin synthesis [2135]. 
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3.1 2,2 Serotonin Transporter 

The serotonin transporter (SERT) belongs to the same family as the transporters 
for dopamine (DAT; see section 3.10.2) and norepinephrine (NET), all of which 
provide reuptake of neurotransmitters into presynaptic neurons. Interest in SERT 
is based on the essential role of the serotonin system in depression and on the fact 
that many antidepressants enhance extracellular serotonergic levels by blocking 
reuptake. 

The first tracer for imaging SERT was obtained by labeling the serotonin reup- 
take inhibitor MCN5652 with n C. n C-(+)McN5652 was found to be a promising can- 
didate as a PET radiotracer for studying 5-HT uptake sites in vivo [2136]. It has 
been evaluated in baboon and human brain [2137-2139]. Massive reductions in 
specific binding of n C-(+)McN5652 are seen in the pons and occipital cortex after 
MDMA (3,4- methylenedioxymethamphetamine)-induced lesions of SERT in 
baboons [1619]. It is suitable for quantification in areas with high receptor density 
(midbrain, thalamus, and striatum) only [2140]. 

The l8 F-fluoromethyl analogue of (+)McN5652 has been validated as specific for 
imaging of SERT in rats by competition with various other inhibitors [2141]. 
Because of faster kinetics than the n C-labeled compound, it can reach binding 
equilibrium during a study length of 120 min [2142]. 

3-Amino-4-(2-dimethylaminomethyl-phenylsulfanyl)-benzonitrile (DASB) label- 
ed with carbon-11 is a recently introduced radiotracer, which binds specifically to 
SERT with nanomolar affinity and high selectivity [2143]. In a comparison of five 
different SERT ligands, DASB displayed significantly lower affinity, but had clear 
advantages over MCN5652 because of its faster uptake and clearance and higher 
free fraction, which allow shorter scan duration to derive time-independent esti- 
mates of regional distribution volumes [2144, 2145]. Studies indicate that DASB is 
a suitable PET radioligand for measuring drug occupancy of SERT and has poten- 
tial for monitoring in vivo changes in serotonin levels [2146]. During treatment 
with clinical doses of paroxetine or citalopram, approximately 80 % of SERT bind- 
ing sites are occupied [2147]. Procedures for parametric imaging of the SERT BP 
using a reference tissue model have been developed for this tracer [2148]. 



3.1 23 Serotonin Receptors 

3.1 2.3.1 Serotonin 1 A Receptors 

Serotonin 1A (5-HT lA ) receptors are present in high density in the hippocampus, 
septum, amygdala, hypothalamus, and neocortex of human brain. On stimulation, 
they open K + channels, and in some areas also inhibit adenylate cyclase. A com- 
prehensive review of PET receptor ligands has been given elsewhere [2149]. 

Carbonyl- n C-N-(2-[4-(2-methoxyphenyl)-i-piperazinyl]ethyl)-N-(2-pyridinyl) 
cyclohexane carboxamide ( n C-WAY-ioo635, WAY) has high affinity for the recep- 
tor and provides good delineation of 5-HT lA receptors in human brain with PET 
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[2150]. It has fewer metabolites than WAY-100635 labeled in the methyl position. A 
limitation of WAY is its relatively low blood-brain extraction, and therefore tracer 
development by modification of the molecule continues [2151]. In healthy volun- 
teer subjects, measurement of BP by kinetic analysis using the arterial plasma 
input function has emerged as the method of choice because of its higher 
test-retest reproducibility, lower vulnerability to experimental noise, and absence 
of bias. Graphical analysis slightly underestimated BP and a reference tissue 
method (with cerebellum as reference) underestimated k3/k4 and the underesti- 
mation was apparent primarily in regions with high receptor density [2152]. In a 
sample ( N = 61) collected from multiple centers [2153], BP values varied greatly 
across subjects (range 2.9-6.8), probably due to radiochemical, demographic, 
physiological, and personality variables that had been described in smaller series 
[1475, 2154-2156]. Age may have an indirect influence on BP: the degree of tracer 
displacement by a serotonin agonist was more marked in young than in aged mon- 
keys [2157]. Anxiety also seems to be associated with changes in 5-HT lA -binding 
potential [1475]. 

The receptor occupancies by robalzotan (NAD-299), DU 125530, clozapine, and 
tandospirone have been studied with n C-WAY [1370, 1460, 2158, 2159]. NAD-299 
has also been labeled with n C and used for visualization of the 5-HT lA receptor 
[2160,2161]. 

l8 F-Labeled analogues of WAY-100635 have been developed to increase clinical 
applicability. The selectivity of fluorine-18-labeled 4-(2-methoxyphenyl)-i-(2-(AT- 
2”-pirydynyl)-p-fluorobenzamido)ethylpiperazine ( l8 F-MPPF) has been estab- 
lished in animals and humans [2162-2164]. Affinity is lower than that of n C-WAY, 
and there seems to be potential for measurement of competition effects with 
endogenous serotonin [2165]. In human volunteers, B max of 2.9pmol/ml and a K d 
of 2.8 nmol /1 were found in hippocampal regions, K d and distribution volume in 
the free compartment were regionally stable, and the Logan binding potential was 
linearly correlated to B max [2166]. It has been shown that l8 F-MPPF binding can be 
modulated by modifications of extracellular serotonin in the rat hippocampus, 
suggesting that l8 F-MPPF binding might constitute an interesting radiotracer for 
PET in evaluating the serotonin endogenous levels in limbic areas of the human 
brain in health and disease [2165, 2167]. Another potentially useful tracer is l8 F- 
FCWAY, in which the cyclohexanecarbonyl group acid is replaced by a trans- 4-flu- 
orocyclohexanecarbonyl group (FC) [2168] . There are metabolites that may induce 
significant biases in estimates in regions with low specific binding and need to be 
considered in quantitative models (Fig. 3.5) [2169]. 



3.12 Serotonin System 




Summed 40- to 60-min images obtained with 18 F-FCWAY on a GE Advance tomograph (3D mode, resolution 6-7mm) in a 
patient with right temporal lobe epilepsy (TLE) and a normal control. Asymmetric binding, with a decrease in the right temporal lobe 
(red arrow ) is seen the a patient with right TLE. Binding in the brain stem raphe (white arrow) is visualized in both subjects. Some 18 F 
activity is also present in the skull owing to tracer defluorination. Images courtesy of Dr. William H.Theodore, NINDS, NIH, Bethesda MD 
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3.1 2.3.2 Serotonin 2A Receptors 

Serotonin iA (5-HT 2A ) receptors are present in all neocortical regions, the density 
being lower in the hippocampus, basal ganglia, and thalamus. The cerebellum and 
structures of the brain stem are virtually devoid of 5-HT 2A receptors [2170]. An 
increase in prefrontal cortex 5-HT 2A receptors is observed following estrogen 
treatment in postmenopausal women [2171]. 

l8 F-Altanserin is one of the most selective 5-HT 2A antagonist radiotracers and 
has good reproducibility [2172]. Radiolabeled metabolites of l8 F-altanserin cross 
the BBB and are distributed nonspecifically in brain [2173] but do not bind to sero- 
tonin receptors [2174]. Steady state for quantification of specific binding in fore- 
brain can be achieved within 2h by a bolus-infusion technique [2173]. There is a 
decline in binding of l8 F-altanserin to serotonin type 2A receptors with age [2176], 
which persists after partial volume correction [2177] and is steepest during mid- 
dle age [2178]. There is also significant binding of the D2 receptor ligand l8 F-NMSP 
to 5-HT 2A receptors that can be displaced by MDL 100,907 [2179] and by the anxi- 
olytic drug deramciclane [2180]. 

l8 F-Setoperone is another PET radioligand for neocortical 5-HT 2A receptors 
[2181-2183]. Determination of the cortical binding potential may not be possible 
with a reference region approach, because in normal human subjects nonspecific 
binding is smaller than that estimated for the cerebellum [2184]. There is no 
change of BP after pretreatment with paroxetine, whereas it is reduced by nefa- 
zodone probably because of competition [2185]. 

R(+)-Alpha-(2,3-dimethoxyphenyl)-i-(2-(4-fluorophenylethyl))-4-piperidine- 
methanol (MDL 100,907), a highly selective and potent 5-HT 2A receptor antago- 
nist, has been labeled with n C [2186] and has suitable kinetic properties for PET 
studies [2187]. A dose of 20 mg of cold drug leads to >90% receptor occupancy 
[2188]. The age effect seen with l8 F-altanserin has been confirmed with n C -MDL 
100,907 in monkeys [2189]. 



3,13 Gamma-aminobutyric acid (GABA) 

Gamma-aminobutyric acid (GABA) is probably the most important inhibitory 
neurotransmitter. GABA transmission is impaired in focal epilepsy, and probably 
also in anxiety and other psychiatric disorders. GABA receptors have several bind- 
ing sites, including one for benzodiazepines which is used for PET imaging. GABA 
receptors are also sensitive to ischemic damage, which has aroused interest in 
studying them as a way of determining viable tissue in hypoperfused areas in 
acute stroke [860]. 
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3.1 3.1 Central Benzodiazepine-binding Sites 

The tracer most widely used for central benzodiazepine binding sites is the antag- 
onist flumazenil (RO-15-1788). Early studies with n C-flumazenil (FMZ) demon- 
strated that different areas of the healthy human brain showed approximately 10- 
fold variation in tracer binding, which corresponded to the previously known 
distribution of benzodiazepine receptors in these regions. The highest degree of 
binding was obtained in the medial occipital cerebral cortex, followed by other 
cortical areas, cerebellum, thalamus, striatum, and pons, whereas there was little 
binding in the striatum [2190]. It appears to reflect mainly binding to the alpha x 
subtype [2191]. Displacement by other receptor ligands suggested low nonspecific 
binding that was achieved as soon as 20 min after tracer injection [2192, 2193]. 
Thus, quantitation of the binding potential can be achieved in equilibrium by a 
rather simple one-tissue-compartment model [2194]. Owing to a high extraction 
rate, initial tracer uptake represents CBF with subsequent rapid approximation of 
the distribution volume that represents receptor binding [2195]. The metabolites 
in plasma are mainly polar and do not cross the BBB [2196, 2197]. For clinical use 
to detect focal reductions in FMZ in stroke and epilepsy (see sections 2.4, 2.5) 
activity images obtained from the time frame of 10-20 min are essentially equiva- 
lent to parametric images of the distribution volume (DV; see section 4.9.1.4) 
[2198]. Analysis of tracer kinetics in combination with various amounts of 
unlabeled tracer allow differentiation between receptor density and affinity (see 
section 4.9.3) [2199-2203]. 

FMZ binding is age dependent. The highest values are reached at approx. 2 years 
of age, with a subsequent decline by 23-50% until adult values are reached at age 
i4-22years [2204]. In contrast to findings in rats, alcohol does not directly affect 
central benzodiazepine receptor binding in man [2205]. 

n C-RO-i5-45i3, a partial inverse agonist at the benzodiazepine receptor site 
[2206] that binds preferentially to the (X5 receptor subtype, showed uptake that was 
relatively greater in limbic areas, in particular in the anterior cingulate cortex, hip- 
pocampus, and insular cortex, but lower in the occipital cortex and cerebellum, 
in comparison to FMZ [2191, 2207]. It may be of particular interest for studies 
of memory function and memory-enhancing drugs. An l8 F-labeled analogue of 
flumazenil, 5-(2 > - l8 F-fluoroethyl)-flumazenil could be of interest for clinical use, 
but its metabolism is very rapid, with some lipophilic metabolites, and it has lower 
affinity [2208, 2209]. 

3.1 3.2 Peripheral Benzodiazepine Receptors 

Peripheral benzodiazepine receptors are present in the brain in microglia and in 
brain tumors [2210]. The tracer most frequently used is n C-PK-ni95 (PK) [2211], 
mostly for imaging of microglial activation [168, 2212]. PK also binds with high 
affinity to the acute phase reactant alpha r acid glycoprotein, which is found in 



182 Chapter 3 • Imaging Brain Function 



large amounts in the plasma of patients with acute inflammatory diseases. This 
could significantly alter the free plasma concentrations of the ligand and con- 
tribute to its variable kinetic behavior [2213]. 



3.14 Glutamate and NMD A Receptors 

Glutamate is the main excitatory neurotransmitter in cortex, and alterations of 
glutamatergic neurotransmission are associated with many neurological diseases. 
There is also a neurotoxic potential of glutamate at higher concentrations. Unfor- 
tunately, tracers to study this system directly are not yet available, and most devel- 
opments so far ( n C-MK8oi and derivatives, l8 F-fluoroethyl-TCP, n C-ketamine, 
l8 F-memantine) have been stalled by low specificity [2214-2217]. Preliminary stud- 
ies with the glycine(B) site antagonist n C-L-703,7i7 demonstrated preferential 
binding to a cerebellar NMDA receptor subtype consisting of GluR 83 subunit in 
vivo, but not in vitro [2218]. 

Indirect assessment of glutamatergic neurotransmission may be possible by 
studies of CMRglc, because cerebral glucose consumption appears to be closely 
coupled to glutamate reuptake and recycling (see section34). There have also 
been studies on the modulation of the dopaminergic system by glutamate in stria- 
tum with RAC [2057] (see also section3.io.6). 



3.15 Adenosine Receptors 

Currently, the A(i) adenosine receptor (A(i)AR) and the A(2A)adenosine receptor 
(A(2A)AR) are regarded as clinically significant targets for tracer development, 
because of their neuromodulatory role and possible alterations in epilepsy, stroke, 
movement disorders, and schizophrenia [2219]. Xanthine analogues l8 F-CPFPX 
and n C-MPDX have been developed as a tracers for the A(i)AR [2220, 2221]. 
Uptake in humans is high in putamen and mediodorsal thalamus, intermediate in 
most cortical regions, and low in midbrain, brain stem, and cerebellum. A(2A)AR 
imaging has been performed with n C-KFi8446 and PET in the rat brain [2222]. 



3.16 Histamine Receptors 

It has been known for many years that there are cerebral histamine receptors, but 
their physiological and pathophysiological role is not clear. u C-Doxepine has been 
used as a tracer to study these receptors in humans [2223], and reduced BP is seen 
in AD [2224]. 
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3.1 7 Cannabinoid Receptors 

The CBi cannabinoid receptor is expressed in the brain at levels sufficient for it 
to serve as a potential target for in vivo imaging using PET or SPECT. To date, 
tetrahydrocannabinol (THC) labeled with l8 F [2225] and tracers based on the 
cannabinoid antagonist, SR141716A, have been tried. Rodent data obtained with 
these radiotracers in vivo have demonstrated that both the behavioral and neuro- 
chemical effects of cannabinoids occur at very low levels of receptor occupancy. 
More recently, an agonist radiotracer based on the structure of aminoalkylindole 
cannabinoids has been examined for in vivo labeling of CBi receptors. Although 
rodent studies have indicated that in vivo imaging of CBi receptors is feasible, at 
present this receptor has yet to be successfully imaged in a human PET study 
[2226]. Work continues on the development of central cannabinoid receptor lig- 
ands with low lipophilicity [2227]. 



3.1 8 Opioid Receptors and Sigma Receptor 

PET imaging of opioid receptors began with labeling of morphine, codeine, 
heroin, and pethidine with n C. The kinetics of brain uptake were analyzed, and it 
was shown that pethidine had the most rapid and extensive uptake, followed by 
heroin, codeine, and morphine in order of declining lipophilicity [2228]. Owing to 
their complex metabolism and some nonspecific binding, these tracers were not 
optimally suited to receptor imaging, and more specific tracers have since been 
developed. 

n C-Carfentanil [2229,2230] binds preferentially to p-receptors, which are prob- 
ably the primary site for the pleasurable reward feeling caused by opiates. Highest 
concentrations after i.v. injection are seen in the basal ganglia and thalamus [2231]. 
Quantification has been based on the standard equilibrium model with two tissue 
compartments (see section 4.9.3.2), and a region/occipital cortex ratio can be used 
when tracer kinetic modeling is not feasible [2232]. The p-opioid receptor BP has 
been found to increase with age in neocortical areas and the putamen. Sex differ- 
ences, with higher p-opioid binding in women, have been observed in a number of 
cortical and subcortical areas [2233]. 

n C-Diprenorphine (DPN) binds to p- and to non-p-receptor sites and does not 
reach equilibrium in the time required for a typical PET study. A full kinetic analy- 
sis has been suggested for quantification [2234-2236]. Compared with carfentanil 
it shows greater binding in the striatum and in the cingulate and frontal cortex 
[2237, 2238], including the cortical projections of the medial pain system [2239]. To 
allow longer measurement times, N-(3- l8 F-fluoropropyl)-N-nordiprenorphine 
[2240] and 6-0-(2- l8 F-fluoroethyl)-6-desmethyldiprenorphine ( l8 F-DPN) were 
developed. High affinity to opioid receptors was demonstrated for l8 F-DPN, 
and parametric images showed a binding pattern equivalent to that of n C-DPN. 



184 Chapter 3 • Imaging Brain Function 



n C-Buprenorphine has similar properties but shows prolonged nonspecific cere- 
bellar uptake [2241, 2242]. 

Cyclofoxy is an antagonist that binds to p- and K-receptor subtypes with a dis- 
tribution very similar to that of naloxone and high uptake in caudate, amygdala, 
thalamus and brain stem. It has been labeled with l8 F [2243]. Kinetic studies with 
compartmental modeling are being used for quantification of receptor binding 
[2244, 2245]. There appears to be a pronounced age-related decline of thalamic 
binding in women [2246]. 

The regional distribution of M , -( 11 C-methyl)naltrindole in vivo in mouse brain 
correlates with established a-opioid receptor densities in vitro [2247]. In human 
brain the highest binding is observed in neocortex (insular, parietal, frontal, cin- 
gulate, and occipital), caudate nucleus, and putamen [2248] . The tracer shows irre- 
versible binding characteristics, which makes separation of binding effects from 
CBF changes difficult [2249]. 

Although several synthetic opiates bind to the sigma receptor, it is not an opi- 
oid receptor, and other drugs and addictive substances, in particular phencycli- 
dine (see section 2.7.57), also bind to it. A tracer that binds to central sigma recep- 
tors in cortex and cerebellum and to striatal D2 receptors is u C-nemonapride 
(NEM, YM-09151-2) [2035]. Another candidate is n C-labeled i-(3,4-dimethoxy- 
phenethyl)-4-(3-phenylpropyl)piperazine ( n C-SA4503), which has much higher 
affinity to sigma-i than to sigma-2 receptors [2250, 2251]. 



3,19 Steroid Receptors 

Steroid receptors in the brain are involved in many basic regulatory processes, 
including gene expression. Therefore, quantitative imaging of these receptors has 
been an important goal. Several fluorinated ligands for corticoid receptors have 
been tested, but so far none has been validated for human studies [2252-2254]. 
High uptake of an estrogen receptor ligand, i6a- l8 F-fluoro-i7P-estradiol, is 
observed in the pituitary and hypothalamus, but quantitation has not been possi- 
ble in other brain regions [2255]. High uptake is also seen in some meningiomas 
[2256]. 



3.20 Substance P 

The SP (NKi receptor) antagonist (SPA) aprepitant (also known as MK-0869) has 
been labeled with l8 F. PET imaging studies in rhesus monkeys and humans 
demonstrate high affinity for the NKi receptor, low nonspecific binding, and good 
BBB penetration. PET studies in humans have led to the prediction that very high 
levels of central NKi receptor occupancy (>90%) by the unlabeled drug will be 
associated with therapeutically significant antidepressant and antiemetic effects 
[2257]. 
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3,21 Secondary Neurotransmitters 

Brain incorporation of labeled arachidonic acid has been shown to be increased in 
awake rats by pharmacological activation associated with phospholipase Ai sig- 
naling. PET and n C-arachidonic acid may be useful to measure signal transduc- 
tion in the human brain. Brain incorporation of n C-arachidonic acid has been 
quantified and shown to be independent of flow in monkeys [2258] and in young 
healthy humans [2259]. Increased uptake of n C-diacylglycerol is seen after mus- 
carinic cholinergic receptor (mAChR)-stimulation in rats and monkeys and is 
interpreted as the phosphoinositide response, which is an effector in the produc- 
tion of second messengers [2260]. 
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4.1 Positron Emitters and Tracers 

PET is based on the detection of coincident 511 keV gamma rays that originate 
from positron electron pair annihilation. Positron emitting isotopes typically have 
nuclear masses that are smaller than those of stable isotopes, and most of them are 
very short lived (Table 4.1). Their short half-lives have the advantage that relatively 
large physical activity doses (with n C and l8 F typically 370-740 MBq) lead to rather 
low effective biological radiation doses [2261]. Thus, images can be based on high 
total count numbers with accordingly low stochastic noise, whose variance is 
essentially proportional to the square root of total counts according to the Poisson 
distribution [2262]. Longer half-lives in the order of days maybe required to study 
such slow processes as cell trafficking or DNA synthesis. 64 Cu and 124 I are the most 
frequently used isotopes that fulfill this requirement. 



Table4.i Isotopes used in brain PET 



Isotope 


Physical half-life 


Remarks 


n C (carbon) 


20.4 min 


Very versatile, usually replacing 
natural carbon in molecules 


13 N {nitrogen) 


10.0 min 


Rarely used in brain studies 


15 0 (oxygen) 


2.05 min 


Mainly for studies of blood flow (activation 
studies) and oxygen metabolism 


18 F (fluorine) 


109min 


Convenient half-life for most metabolic 
and receptor studies 


^Cu (copper) 


12.7h 


For processes with slow kinetics, 
molecular imaging; rarely used 


7a Br (bromine) 


16,1 ti 


Also emitting unpaired high-energy y-rays 


^Ga (gallium) 


683 min 


Produced from &Ge generator 


82 Rb (rubidium) 


13min 


Produced from 82 Sr generator 


m \ (iodine) 


4.2 days 


For processes with slow kinetics, molecular 
imaging, also emitting unpaired y-rays 



K. Herholz et al., NeuroPET 
© Springer-Verlag Berlin Heidelberg 2004 
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The preparation of PET tracers is an expensive and demanding endeavor that 
requires highly specialized equipment and personnel. Many aspects of it exceed 
the scope of this book by far, and the reader is referred to the specialist literature 
[2263-2269]. Radiotracers are radiopharmaceuticals, and their production is sub- 
ject to legislation by national and international regulatory agencies, such as the 
U.S. Food and Drug Administration (FDA). Use of radiotracers is associated with 
exposure to ionizing radiation for the subject being studied, and potentially also 
for the personnel. There is an associated risk of inducing cellular DNA damage. 
Guidelines have been published by the International Commission for Radiation 
Protection (ICRP), and international and national laws and regulations apply. 
Most frequently, radioactivity doses of PET tracers for human use are in the order 
of 370-740 MBq, and these typically result in an equivalent dose of 5-20 mSv. This 
is a range at which the risk for adverse health effects is so small that it is regarded 
as safe even for use in normal volunteers if there is appropriate clinical or scien- 
tific justification, consent is obtained from the subject of study, and (in the case of 
scientific studies) permission is granted by the appropriate ethics committee and 
(in most countries) national regulatory agencies. 

Quality requirements for PET tracers include absence of contamination by 
other radionuclides (radionuclidic purity), chemical purity (in particular, absence 
of toxic organic solvents), and radiochemical purity. The pharmaceutical quality 
must ensure sterility, apyrogenicity, and stability, and control pH and osmolality. 
With fulfillment of these basic requirements, clinically significant side effects 
related to tracer injection are extremely rare. 

A critical issue for accurate measurement of saturable biochemical processes is 
the specific activity, which indicates the amount of the labeled pharmaceutical rel- 
ative to the total amount of pharmacologically active (labeled and unlabeled) 
pharmaceutical [2270]. For most radiotracers that measure metabolism, a specific 
radioactivity of at least 10 GBq/pmol is considered standard. However, this level is 
not sufficient to measure the binding potential of neuroreceptors with high-affin- 
ity ligands, because even small amounts of the binding drug can occupy a signifi- 
cant proportion of receptors and thus reduce the proportion of receptors that is 
accessible for the labeled drug. For ligands with moderately high affinity with a 
dissociation constant (K D ) in the order of inM, such as n C-raclopride (RAC), 
injection of 50 nmol (e.g., 300 MBq at 10 GBq/pmol) will probably occupy approx. 
5 % of striatal receptors in a normal man. Margins are even narrower for tracers 
with very high affinity (with K D in the order of 0.1 nM), such as n C-WAY-ioo635. 
Thus, for high-affinity receptor ligands, specific activity should be in the order of 
100 GBq/pmol or higher. In small animals, receptor occupancy by the ligand may 
be especially critical [2270, 2271]. Thus, tracers need to be prepared with extremely 
high specific activity for rats and mice, and sensitive PET scanners are necessary 
to allow a low injected dose that will keep pharmacological mass effects to a min- 
imum. 



4.2 Scanners and Detector Systems 1 89 



4.2 Scanners and Detector Systems 

At the core of PET scanners are scintillation detectors associated with coincidence 
electronics to detect the two 511-keV gamma rays that are emitted at an angle of 
180° by a positron-electron annihilation event. Such a coincidence event defines 
the line of response (LOR), eliminating the need to use collimators that would 
limit the angle of incoming rays, which are necessary in the case of conventional 
isotopes emitting single gamma rays. These lead to an enormous increase of the 
solid detection angle, resulting in a net sensitivity advantage in the order of 10 for 
PET over SPECT [2262], even if detection is limited to coincidences within the 
transaxial planes. 

Detectors are typically arranged as a hexagonal, octagonal, or circular “ring.” 
The width of the detector ring is larger in whole-body scanners than in dedicated 
brain scanners, and both can be used for brain studies. Some older scanners had 
axial fields of view (FOV) of less than 12 cm, which is required to scan all clinically 
essential parts of the brain in a single session. Modern scanners, such as the ECAT 
HR and ECAT HR+ (Siemens-CTI) and the ADVANCE (General Electrics) have an 
axial FOV of 12-15 cm at a near-isotropic spatial resolution of 4-6 mm in the cen- 
ter of the FOV [2272-2276]. 

Usually inorganic scintillators are used as detector materials, with bismuth 
germanate (BGO) being the most widely used in current PET scanners. Other scin- 
tillation crystals, such as sodium iodide [2277], cesium fluoride [2278], barium flu- 
oride [2279, 2280], and gadolinium oxyorthosilicate (GSO) are also used [2281]. In 
recent years, lutetium oxyorthosilicate (LSO) has become available for commercial 
PET scanners [2282, 2283], and owing to a higher light output and a shorter decay 
time than BGO this achieves 2- to 3-fold increase in noise equivalent count rate 
[2284]. GSO is used as an alternative; it has less favorable physical characteristics 
than LSO but its performance may be similar in some practical applications 
[2281]. Combinations of crystals with different decay times are being used to max- 
imize sensitivity and resolution by including measurements of depth of interac- 
tion in the crystals [2285]. 

Crystals are usually arranged as block detectors, with groups of detectors shar- 
ing a common base and a common array of photomultipliers [2272, 2286, 2287]. 
This arrangement has brought about a substantial improvement in spatial resolu- 
tion, which depends mainly on detector size. With very fast detector crystals, time- 
of-flight information can be used to improve the signal-to-noise ratio, but the 
effect is more relevant to whole-body applications than to brain scanning [2280, 
2288,2289]. 

Former scanner constructions had septa to separate detector rings and block 
scattered y-rays. Coincidences were recorded only within the transaxial planes 
defined by these rings, a technique called 2D acquisition. Progress in detector and 
electronics technology has allowed optional retraction or complete abandonment 
of these septa [2290-2292], so that it is now possible to record coincidences that 
occur in opposite detectors not belonging to the same ring and transaxial plane; 
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this is called volume acquisition or 3D acquisition [2293-2295]. It leads not only to 
a very substantial gain in detection efficacy, especially in scanners with a large 
axial FOV [2296], but also to a large increase of the contribution of scatter to 
recorded events. Quantitative image reconstruction (see section 4.3) is much more 
complex than for 2D acquisition. 

Alternative low-cost designs for clinical imaging usually employ sodium iodide 
crystals [2297], which are commonly used in SPECT cameras. The clinical utility 
of such scanners operating in 3D mode (e.g., PENN PET 300H) has been demon- 
strated [1043]. Rotating SPECT cameras have also been used successfully for 
positron coincidence detection in oncology [2298, 2299], but their clearly inferior 
sensitivity (at least one order of magnitude lower than with dedicated BGO-PET 
scanners) and spatial resolution (7-7.6 mm FWHM) [2300] severely compromise 
their application in neurology. Reduced sensitivity at lower cost than with full- 
ring scanners is also provided by rotating devices with fewer BGO crystals than 
full-ring scanners [2301, 2302]. 

An alternative to scintillation crystals is the multiwire proportional chamber 
technology, which is inferior in sensitivity but can reach very high spatial resolu- 
tion [2303-2305]. It is now mainly being used in small-animal scanners and in 
nonmedical industrial scanners. 

The highest spatial resolution that is currently possible with PET is in the order 
of 1-10 pi, i.e., about 1-2 mm in each dimensiqn [2306-2308]. It has been reached 
by several small-volume scanners, most of which have been built as research pro- 
totypes for studies of small rodents [2309-2311]. A few are also commercially avail- 
able, including the LSO-based micro-PET [12, 2312-2314] (Concorde Microsystems 
Inc., USA), which also offers high sensitivity, and the wire-chamber system quad- 
HIDAC PET (Oxford Positron Systems Ltd., UK), with which ultrahigh resolution 
is possible although sensitivity is lower [2315]. With the increase in the volume of 
experimental PET work in brain research, molecular imaging, and drug develop- 
ment, these systems are becoming more commonly used. Experimental research 
in larger animals, especially mammals such as cats, dogs, and pigs, and nonhuman 
primates is often performed in the high-resolution multipurpose clinical and 
experimental scanners described above. 

High resolution is also an important clinical goal in brain imaging, because 
most gray matter brain structures have an extent of only a few millimeters in at 
least one spatial dimension. With current clinical PET scanners this results in sig- 
nificant spillover of signal from and to adjacent white matter, which often has a 
quite different physiological signal (metabolic rates, receptor densities, etc.). This 
results in a bias of quantitative values (usually signal reduction in the order of 
20-30% in gray matter) that is known as incomplete recovery or partial volume 
effect [125, 2316]. The effect is accentuated in the presence of the atrophy that 
accompanies many neurological disorders. There have been attempts at correction 
[2317-2319], which are useful in scientific studies but depend on segmentation of 
coregistered, high-quality MR images and are not yet robust enough for clinical 
studies (see section 4.10.2 for correction algorithms). The problem is particularly 
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notorious in the study of hippocampal [2320] and brain stem structures, because 
they are so small and located so deep in the skull (requiring large corrections for 
attenuation). Functional changes in these structures have pivotal roles in many 
diseases, such as epilepsy, most neurodegenerative diseases including AD and PD, 
and probably also psychiatric diseases. Therefore, improvement of the techniques 
for quantitative functional imaging of these structures is urgently needed. With 
high-resolution acquisition, high sensitivity is also crucial because at lpl resolu- 
tion, at least 10 6 voxels within a human brain need to contain sufficient counts, 
requiring total count numbers in the order of 100 xio 6 . Thus, long measurement 
times of up to 60 min and appropriate tomography designs with high-sensitivity 
crystals [2321] are required to achieve that goal. 

Functional PET images often require coregistered CT or MRI images for 
anatomical localization. There have been developments directed at integrating CT 
and PET in one scanner, and such scanners are now becoming commercially avail- 
able [2322]. Since CT of the brain does not demonstrate much anatomical detail, a 
combination of PET and MRI, which is still at a preliminary stage [2323] , would be 
of more interest for neuro-PET. The current standard solution is to record brain 
PET and MRI independently and coregister 3D data sets afterwards (see sec- 
tion 4.7). 

Separate detector systems are necessary to measure activity in blood samples. 
This is usually done by manual sampling, separation of plasma from blood cells by 
centrifugation, and measurement of tracer concentration in plasma samples in a 
cross-calibrated well counter. For good representation of arterial tracer, sampling 
has to be done as rapidly as possible during the first 2-3 min after a bolus injec- 
tion, after which sampling intervals can be gradually increased up to several min- 
utes with data interpolation between samples. As an alternative to manual sam- 
pling, devices for continuous blood sampling have been developed [2324-2328], 
and noninvasive methods of measuring arterial activity have been suggested [2329]. 



4,3 Data Acquisition 

In standard static data acquisition, coincidence events are counted for each LOR 
over the scanning interval. The LOR counts are usually represented and ordered as 
sinograms, with angle <D and position x r along the radial axis as coordinates. With 
2D acquisition a sinogram is recorded for each slice. With 3D data acquisition, a 
second angle and associated radial position are required to store the data [2330]. 
Image reconstruction is based on these sinograms. 

Cumulative counting of events for each LOR over fixed scanning intervals does 
not allow sorting of individual events. Thus, if something has changed during the 
scanning interval (e.g., the functional status of the patient or the position of the 
head in the scanner) it cannot be distinguished. This is only possible with data 
acquisition in list mode, in which for each event, the LOR and time are recorded in 
a single long list for the entire study. Other characteristics of the event, e.g., mea- 
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sured energy, can also be recorded. In 2D mode, list mode typically requires much 
more data transfer and storage than does standard acquisition, and has therefore 
rarely been performed. In 3D mode, the data volume in list mode may be quite 
comparable to that in cumulative mode, because there are very many LORs and a 
substantial proportion of them are associated with very small numbers (0 or 1) of 
events during typical acquisition times. With list mode data, categorization into 
time frames is done after acquisition but prior to reconstruction, and thus can be 
changed more flexibly to optimize time frames in dynamic studies. Advanced 
reconstruction algorithms may even process list-mode data without prior 
rearrangement [2331] and might accommodate linear models of tracer physiology 
for direct reconstruction of parametric images. 



4,4 Image Reconstruction 

Quantitative image reconstruction needs to take into account 

• Differences in scanner sensitivity among LORs (correction by normalization). 

• Random coincidences, which occur when two y rays from two different positron 
annihilations are sensed by a detector pair, so that a false or random coincidence 
count is collected (randoms correction). 

• Scattered events, which occur when an annihilation photon traveling in tissue is 
deflected by a collision with an electron, so that its direction changes. This 
results in incorrect positioning of the coincidence line (scatter correction). 

• Attenuation of y rays, due to their interaction with tissue, resulting in their loss and 
in a decrease in the number of detected decay events (attenuation correction). 

Corrections for these effects are typically integrated into reconstruction proce- 
dures, and can be achieved using a large number of possible methods of imple- 
mentation and combinations of procedures. The corrections can be done for PET 
with much better accuracy than for SPECT. Thus, reconstructed images allow 
absolute radioactivity measurements. It is not possible in this context to give even 
a reasonably comprehensive account of this field. Procedures for image recon- 
struction are usually supplied by scanner manufacturers, and we will therefore 
only briefly address the main issues. More comprehensive and detailed reviews 
can be found elsewhere [2293]. 

The basis for data normalization is usually provided by acquisition of a very 
large number of events (typically more than 100 for each LOR) from a cylindrical 
homogeneous phantom filled with radioactivity or a rotating rod source. It is more 
complex for 3D than for 2D owing to the much larger numbers of LORs and pos- 
sible combinations of detectors. 

In PET, attenuation is constant for each LOR (which is not the case with SPECT 
and contributes to the robustness and accuracy of PET). Attenuation can be esti- 
mated directly from PET images by thresholding to determine the contour of the 
head or by fitting transaxial ellipses to the head, which yields reasonable imaging 
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results in brain scanning, with the largest errors in the basal parts of the brain. 
More accurate, and therefore preferable, methods rely on individual measure- 
ments of attenuation by rotating rod or point sources of 68 Ge/ 68 Ga or 137 Cs (see 
[2332] for review). With combined CT-PET scanners, attenuation correction can be 
based on X-ray transmission scans with appropriate adjustments for the energy 
difference [2333]. 

Correction for scatter is the most demanding and complex part of the correc- 
tion procedures [2334]. Estimation of the amount of scatter that contributes to 
observed coincidences can be derived from energy window manipulations (scat- 
tered events tend to have lower energy than true events) or registration of non- 
coincident events, or by measurements of scatter from line or point sources within 
a scatter medium. Such measurements are usually used to adjust mathematical 
models that represent the physics and geometry of scanner and object, and are 
then incorporated into reconstruction algorithms [2333-2338]. 

The large increase of scattered events in 3D acquisition relative to 2D is a 
major concern. Proper implementation of correction algorithms is even more 
important for 3D than for 2D acquisition and is required for quantitatively correct 
results in human and experimental brain studies [2271, 2339]. Scatter from outside 
the FOV, e.g., from body organs with high activity, also requires attention and 
should be reduced as much as possible by physical measures [2340]. Scatter 
reduces the gain in efficiency to some degree. A PET scanner optimized for 
and operating exclusively in 3D mode with a large axial FOV (23.4 cm) achieved 
5.8 % absolute efficiency for a line source in air, and 10 % for a central point source 
(with thresholds of 350-650 keV). For a uniform 20-cm-diameter cylinder the 
efficiency was 69kcps/kBq per ml after subtraction of a scatter fraction of 42% 

[2273]. 

Image reconstruction can be achieved by two essentially different approaches. 
The first is an analytic approach, according to which reconstruction is achieved by 
back-projection that essentially inverts the physical process of projection of orig- 
inal events into LORs. The second approach consists of iterative procedures, in 
which estimates of the original tracer distribution are refined by iterative approx- 
imation. 

The standard approach is known as filtered back-projection, which is com- 
monly used in all types of computer-assisted tomography [2341]. It is commonly 
implemented by the use of Fourier transforms and filtering in frequency space. 
Current implementations of filtered back-projection are very fast and well devel- 
oped for 2D PET imaging. They are not directly applicable to 3D imaging, mainly 
because 3D projections are not complete (owing to missing LORs at the cranial and 
caudal opening of the ring). Rearrangement of 3D LORs into 2D LORs has been 
achieved by single-slice rebinning [2342], which assigns oblique LORs to the mid- 
transaxial plane. A more advanced and accurate technique is Fourier rebinning 
(FORE) with its related algorithms [2343, 2344]. 

Iterative reconstruction should provide a higher accuracy of quantitation (see 
[2345] for review). This has been demonstrated for images containing large target- 
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to-background ratios, which are common in whole-body oncological studies 
[2346, 2347]. The advantage is less clear for standard brain studies with less sharp 
contrasts, but its potential for improving spatial resolution and increasing the sta- 
tistical power in 15 0 -water-PET activation studies over those obtained with FBP 
reconstruction has been demonstrated [2348, 2349]. A commonly used algorithm 
is called “ordered subsets expectation maximization” (OSEM) [2350-2352]. If per- 
formed in 3D it usually results in extremely long reconstruction times, which can 
be reduced by rebinning and by parallel processing in a computer cluster [2353]. It 
is also possible, at least in principle, to use prior anatomical information derived 
from MRI to sharpen contrasts between different anatomical compartments 
[2354] and to incorporate spatially variant spatial resolution of the scanner [2355]. 
Corrections for head movements can also be implemented [2356] (see also sec- 
tion 4.5). Image noise typically increases during iterations together with improve- 
ment in image contrast, and can lead to considerable degradation of reconstructed 
image quality. Analysis of statistical image properties may help to find the number 
of iterations that optimized the signal-to-noise ratio in reconstructed images 
[2357-2359]. Iterative reconstruction can be used to optimize spatial resolution by 
implementing a maximum a posteriori probability algorithm (MAP) that accounts 
for all factors that degrade quantitation and resolution on a volume basis and thus 
recovers the full intrinsic resolution [2360]. By these means, l-pl resolution has 
been achieved in a small animal scanner [12]. 



4.5 Motion Detection and Correction 

Head motion, which can occur during long acquisition times even in very cooper- 
ative normal subjects and even more so in patients, degrades image resolution and 
can severely distort local and regional kinetic data. Thus, correction for head 
movement is essential for high-resolution studies, whereas standard static PET 
scans aiming at large brain regions, e.g., with FDG for detection of metabolic 
impairment in association areas due to AD, are more robust. Several image pro- 
cessing software packages provide routines for coregistration of multiple frames 
in a kinetic study that can reduce these problems at least with regard to kinetic and 
functional activation studies. Head movement that has occurred within a frame 
still leads to reduced spatial resolution. Therefore, devices for online detection of 
head movement and registration of these data in list mode are being introduced, 
particularly for use with high-resolution scanners [2361-2363]. 



4.6 Data Visualization 

Effective means of data visualization are important to get a good overview of the 
reconstructed images, to identify interesting and relevant brain locations, and to 
communicate results. Images that provide high contrast at anatomical borders, 
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such as most standard MRI sequences, are usually best visualized by using an 
intensity display in which brightness (e.g., on a gray scale) corresponds to pixel 
intensity. Representation of quantitative PET values (which may not reflect 
anatomical structures) is also possible with brightness scales to detect “hot” and 
“cold” areas. For a more accurate assignment of quantitative values to image pix- 
els, color scales are more useful. By covering a large part of the available color 
space (with its three different color channels), e.g., by the popular spectrum color 
scale (used in many of the figures in this volume), the viewer can assign values to 
colors more accurately than values can be assigned to a single-intensity channel. 
The assignment of the numbers to the colors is provided by a color bar. One should 
always be aware that the color scales tend to produce arbitrary borders at certain 
color changes. For instance, the red color in the spectrum color scale is usually per- 
ceived as clearly distinct from the neighboring yellow, whereas the green-blue 
transition is much less conspicuous. Thus, an image can be made to look very dif- 
ferent just by shifting the window of the color scale. For visual interpretation of 
functional images, it is always a good idea to visualize it with several window set- 
tings of the color scale and also by using an intensity scale. 

PET images have three basic spatial dimensions, x,y, and z. Although data are 
usually still reconstructed as multiple transaxial slices along the z-axis, with pix- 
els as image elements, there are usually no gaps between slices, and the data should 
therefore be regarded as volume data consisting of volume elements (voxels). 
Imaging software should provide a convenient means of representing the data vol- 
ume in an intuitive and representative way, typically as multiple planes that are 
either all oriented in parallel, or as three selected planes that are orthogonal to 
each other (transaxial, coronal, and sagittal). There maybe additional dimensions 
along the time axis (from dynamic data acquisition or multiple follow-up studies 
in the same subject) or representing multiple modalities (different PET or SPECT 
tracers, different MRI acquisition protocols). There should be tools to extract and 
highlight the important features of these time series or modality comparisons. 
The principles of data processing to achieve this are described below. 

Image fusion is a basic visualization technique that is needed to combine func- 
tional PET data (in color scale) with structural MRI data (in gray scale) for accu- 
rate anatomical localization. It is particularly important for studies of patients 
with brain lesions, such as tumors or vascular lesions. 



4.7 Image Coregistration 

There are many situations in which coregistration of functional PET images and 
other images from the same subject is crucial [2364-2373]. There are two basic 
types of intrasubject coregistration: 

• All images from same image modality (intramodality): this is typically the case 
when a dynamic image series has been acquired and we have to adjust for some 
(usually slight) head movement within this series. The situation also occurs 
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when multiple follow-up measurements of the same subject and same imaging 
modality are to be compared. 

• Images from different modalities (intermodality): in this case multiple images 
obtained with different techniques (e.g., different PET tracers, or PET and MRI) 
have been obtained in the same subject. Coregistration may be required for 
accurate spatial correlation of functional changes or for attribution of function 
to macroscopic anatomy or specific pathological brain lesions. 

Intrasubject coregistration typically only allows for translation and rotation 
defined by six independent transformation parameters (e.g., translations along 
main axes and rotations around main axes). Results can conveniently be visualized 
by image fusion. 

Coregistration methods have also been integrated into procedures for stereo- 
tactic fractionated radiation treatment planning [2374]. Some software packages 
provide additional surface rendering of anatomical details from high-resolution 
segmented MRI with color coding of cortical functional activity beneath that sur- 
face by ray tracing [2373-2377]. 

Intersubject registration is another type of registration that refers to the adap- 
tation of different brains (with different shape) that have been scanned with the 
same modality, most often by matching each subject to a template for anatomical 
standardization as a basis for regional data extraction or voxel-based statistical 
calculations. 



4.7.1 Fiducial Markers 

Traditionally, coregistration has relied on fiducial markers that are in a fixed geo- 
metric configuration relative to each other and to the subject’s brain and can be 
identified in both data sets. In principle, a minimum of three markers (not all lying 
on a straight line) should suffice to define a unique geometric transformation for 
coregistration. For instance, small pellets filled with contrast agents and positron 
emitting substances have been used. In practice, this approach has proved difficult 
to implement, because fiducial markers fixed to human head skin can shift several 
millimeters together with the skin. The outer ear canal has also frequently been 
used, but accurately modeled plugs are required for high precision (Fig. 4.1). Bite 
plates are another possibility, but are uncomfortable and cannot be used in sub- 
jects who have lost their teeth (as many older patients have). 

The gold standard for spatial coregistration is provided by stereotactic systems 
that are rigidly fixed to the skull. In principle, functional images at fixed geometry 
relative to the stereotactic frame can be obtained with proper adaptation of PET 
headholder systems. However, the technical complexity and discomfort associated 
with a fixed stereotactic system and the fact that very accurate coregistration with 
MRI can be achieved without that, as described below, have prevented wider use. 
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FDG-PET (with quantitation of CMRglc) obtained in a subject in a normal resting state 
(eyes closed, ears not plugged) with a high-resolution scanner (ECAT HRRT): high metabolic 
activity of left and right inferior colliculi (marked by arrows on fusion image) is clearly separable 
from the other side and from superior colliculi, which are inactive owing to lack of visual stimu- 
lation. Orthogonal 1-mm cuts [positron emission tomography (PET), fusion, and T1 -weighted 
magnetic resonance imaging (MRI)] through left inferior colliculi are shown 



4,7*2 Matching of Brain Structures 

Many coregistration procedures rely on the use of external fiducial markers 
[2378], and their use may in fact be necessary in body parts that lack reliable 
intrinsic features for coregistration. For neurological applications, the complex 
anatomy of the brain itself probably provides the most natural and reliable marker 
for coregistration. If images are assumed to be virtually identical then a correla- 
tion analysis over all image points provides a measure of matching accuracy 
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[2379]. Alternatives are the sum of absolute or squared differences between corre- 
sponding image points or stochastic sign changes [2380, 2381]. 

If similarity of images in terms of voxel values cannot be assumed, which is the 
case in coregistration of images obtained by different modalities, more complex 
measures of image similarity must be used. Some approaches are based on extrac- 
tion of anatomical features, such as the outer contour of the head [2382]. Multi- 
variate cost functions have also been suggested to assess multimodal brain co- 
registration [2383]. A very robust method to match the same structures that are 
presented in different ways by different imaging modalities, without making spe- 
cific assumptions about anatomy, is maximization of mutual information. This 
measure is derived from information theory and provides a very general and pow- 
erful criterion in this situation, because no limiting constraints are imposed on the 
image content of the modalities involved [2384]. It has been demonstrated that 
subvoxel accuracy for PET-MRI coregistration with respect to a stereotactic refer- 
ence solution can be achieved completely automatically and without any prior seg- 
mentation, feature extraction, or other preprocessing steps [2385]. 

Extracerebral structures (skull, scalp, and nasopharynx) are typically within 
the FOV of brain scans. Scalp and nasopharynx display much more variability, 
even in repeated examination in the same individual, than the brain, and therefore 
some coregistration procedures can be misled by an attempt to achieve a perfect 
match for these structures. It is therefore recommended that the extracerebral 
structures be removed by segmentation procedures prior using coregistration 
algorithms [2367,2386]. 



4.73 Algorithms for Maximization of Similarity 

Early programs relied on multiple orthogonal displays of images and visual judg- 
ment of correspondence [799, 800]. Estimation of correspondence was facilitated 
by fusion display, transfer of threshold contours from one image to the other, and 
other comparative displays. This approach permits rapid and fairly accurate 
coregistration of data sets by experienced users, and it is still useful to ensure the 
plausibility of the results of automated procedures [2387, 2388]. However, it does 
not provide reproducible criteria for the quality of coregistration. 

Maximization of similarity can be done without user intervention by computer 
algorithms. To increase processing speed and convergence, similarity is typically 
first checked at reduced spatial resolution and proceeds in multiresolution steps 
to maximum resolution at the end of the iterative process [2384]. It is also appro- 
priate to smooth images for reduction of high-amplitude high-frequency noise 
that would obscure matching of gross anatomical structures. Various optimization 
strategies, such as Powell, simplex, steepest descent, conjugate-gradient, quasi- 
Newton and Levenberg-Marquardt methods, can be used to determine the best 
coregistration. Algorithms have been tested and optimized for speed and con- 
vergence by various authors [2389]. With current PC processor speed, accurate 
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coregistration of i-mm 3 -voxel whole-brain data sets can be achieved by such algo- 
rithms within a few minutes. 

Some computer algorithms may fail if starting conditions are far removed from 
coregistration. They also cannot guarantee in general that the globally best fit, 
rather than a local maximum of similarity, will actually be identified within a rea- 
sonable time. A final visual check of the coregistration result is therefore always 
advisable. 



4,7,4 PET/CT and PET/MR I Scanners 

A special case of intermodality coregistration is present with PET/CT systems that 
use X-Ray CT scans for attenuation correction, which may require some correc- 
tion for (slight) movements between scans. In a more general vein, the question of 
whether CT scans obtained separately can then be coregistered with emission 
scans and be used for attenuation correction has also been considered [2332]. For 
brain PET, interest in such approaches is limited, because CT does not provide 
good gray/white matter contrast, and PET/MRI would therefore be a more valu- 
able (but technically more challenging) combination for neurology [2333]. New 
challenges arise from multimodal molecular imaging in small animals Fig. 4.2) 
because of the constraints of spatial resolution and the corresponding scarcity of 
identifiable anatomical markers [2390, 2391]. 



High-resolution 
microPET 18 F bone scan of 
a mouse. Individual verte- 
bral bodies and ribs can 
be distinguished 
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4.8 Anatomical Standardization 

Most PET tracers provide images with a good to excellent contrast between gray 
and white matter, permitting easy orientation with regard to the major gray mat- 
ter structures. Thus, localization of the cerebral lobes, putamen and caudate 
nucleus, thalamus, brain stem, cerebellar vermis and hemispheres is usually easily 
possible on PET images from subjects with no alterations in gross brain anatomy. 
Most experienced readers of PET images will be able to recognize these structures 
on transaxial, coronal, and sagittal slices. Thus, straightforward display of recon- 
structed images is often sufficient for qualitative visualization of local blood flow, 
metabolism, or receptor binding. 

Limitations of this simple approach become evident if slight deviations from 
the normal distribution of local values are of interest. This is the case in many 
clinical situations in which we wish to detect mild abnormalities of function 
before major changes occur that would be associated with irreversible structural 
changes. Anatomical standardization may provide a means of permitting local 
quantitative comparisons that will overcome this limitation. 



4.8.1 Orientation of Transaxial Slices 

A traditional way of presenting PET images in a standard way is to use a defined 
orientation of transaxial slices. With early PET scanners and thick slices this was 
most commonly done by acquiring scans in parallel to the orbitomeatal or can- 
thomeatal plane, because the markers for these traditional radiological planes are 
easily recognized on subject’s head. Current PET scanners often provide a spatial 
resolution along the vertical axis (z-axis) that is similar to in-plane resolution and 
software that permits reorientation of slices by reslicing at any angle. Thus, pres- 
entation of scans in standard orientation is possible even if data have been 
acquired from rotated and tilted heads (which makes comfortable patient posi- 
tioning much easier than previously). 

The most frequently used coordinate system for brain orientation was defined 
by Talairach [2392]. Unfortunately for those who would like to use it with PET, it is 
based on the transaxial plane (the intercommissural or AC-PC plane) defined by 
the anterior and posterior commissures, small white matter structures that are not 
visible on PET scans. Thus, it has been necessary to define a PET surrogate for that 
plane [2393, 2394] (Fig. 4.3). It can easily be recognized on normal FDG-PET brain 
images, and also on most images of CBF and of the initial distribution of other 
traces. In practice the use of software (see CD-ROM) that allows reorientation of 
brain scans by comparison with a template scan oriented according to the inter- 
commissural plane is also an option. 
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Fig. 4, 3. Approximation of AC-PC line in PET images by the horizontal part of the anterior genu 
of the cingulate gyrus and the occipital pole, as suggested by Minoshima et al. [2393] 



4,8.2 Matching of Individual Brains to Image Templates 
("Spatial Normalization") 

Spatial normalization, which means the deformation of individual brain anatomy 
to match a template, is essential for data analysis across different individuals on a 
voxel basis (statistical parametric mapping, see section 4.10.5), and also facilitates 
the use of standard volumes of interest [2395] (see also section 4.10.1). Several soft- 
ware packages for 3D image processing allow matching of volume data sets to a 
template. Separate templates should be created for each tracer [2396, 2397], in 
order to avoid confounding of anatomical differences by major functional differ- 
ences. Frequently, normal brain scans that have been oriented and scaled to match 
a standard position and size are used as templates. More modern versions are 
derived from anatomical atlases that are based on multiple subjects rather than on 
a single subject, as described below. 

Automatic matching of individual brains to atlas templates is usually achieved 
by coregistration procedures (see section 4.8.3) that allow not only for translation 
and rotation (defined by six independent transformation parameters), but also for 
scaling along the three main axes (adding three more independent parameters) 
and, in most instances, also for linear distortion (affine transformation with 12 
independent parameters). Additional nonlinear transformations can be applied to 
adjust for local variations [2398-2402]. Nonlinear transformations substantially 
improve coregistration of cortical landmarks [2403]. It should be noted that image 
smoothing that is usually applied in the context of parametric imaging (see sec- 
tions 4.10.4, 4.10.5) also serves the purpose of mitigating residual anatomical inac- 
curacies that could otherwise cause large artifactual variability at gray matter bor- 
ders. More advanced techniques to relate individual images and brain atlases use 
Bayesian schemes to incorporate prior knowledge of the variability in the shape 
and size of heads [2404], cortical warping with constraints on the position of the 
major invariant cortical sulci, and correct topological representation of the cere- 
bral cortical mantle [2405-2410]. 
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Disease-related or age-related changes (such as enlargement of CSF spaces, vas- 
cular lesions, or brain tumors) may cause distortions of normal anatomy, and this 
issue has not generally been solved. A procedure based on thin-plate spline trans- 
formations has been shown to be rather insensitive to cortical atrophy [2400], and 
has been found useful for the diagnosis of AD by PET [123]. Further progress may 
come from spatial normalization of MRI with application of transformation 
parameters to coregistered PET images. 



4.83 Atlases for Identification of Anatomical Structures 

Identification of anatomical structures is relevant if we wish to determine the 
anatomical location of a particular point or area on a PET scan. On spatially nor- 
malized scans, this is often done by reference to the standard coordinates, which 
are then labeled by reference to a standard atlas. Alternatively, for more systematic 
quantitative analyses in anatomical structures, we may wish to use a set of volumes 
of interest that delineate those structures. 

Brain atlases based on CT, MRI or PET scans obtained from normal subjects 
and the use of interactive procedures and automatic algorithms to register them 
in a common coordinate space have been developed by several groups [2398, 
2411-2415]. There is considerable interindividual variation in the position of major 
cortical anatomical landmarks with respect to a standard coordinate system [2416, 
2417], so it is preferable to have atlases based on multiple rather than single sub- 
jects. A standard brain that is close to the Talairach atlas brain and coordinate sys- 
tem was generated from 305 normal MRI brain scans at the Montreal Neurologi- 
cal Institute (MNI) [2418]. It was adopted by the International Consortium of 
Brain Mapping (ICBM) [2419] as an international standard and is now known as 
the MNI standard brain. It has been parcelated manually into multiple volumes 
that represent anatomical structures and can be used as an atlas template on spa- 
tially normalized brains [2395]. The ultimate goal is a probabilistic atlas that is 
both visualizable (i.e., contains recognizable brain images) and quantitative (e.g., 
linked to tabular databases that refer to micro- and macroscopic structure and 
brain function) [2420,2421]. 

Traditionally, the Talairach atlas is used to identify anatomical structures for 
coordinates obtained on images that have been matched to a standard template. 
The anchor point of the coordinate system is the anterior commissure (with coor- 
dinates 0, 0, 0). The coordinates in the system originally proposed by Talairach are 
not identical to the x,y , z coordinates provided by reference to digital templates. 
Talairach’s system divided the brain into six sectors that were scaled independ- 
ently, whereas most image processing systems use only global scaling factors for 
each axis [2394, 2422]. Moreover, the Talairach brain is not in exactly the same 
position and does not have the same shape as modern digital templates, in partic- 
ular the MNI standard brain, which is particularly evident and relevant in the pos- 
terior parts of the brain. Approximate coordinate transformation functions have 
been suggested [2423]. 
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As noninvasive PET and MRI studies have become possible in nonhuman pri- 
mates, atlases are now also being developed for these species [2424]. 



4.9 Physiological Modeling 

Quantitative measurement of local tracer activity is an essential precondition for, 
but does not by itself provide, quantitation of local physiological function. To 
achieve this, we must relate local tracer activity to physiological and biochemical 
processes. In quantitative terms, this is done by mathematical modeling of tracer 
transfer between compartments. These represent either distinct anatomical spaces 
that cannot spatially be resolved at the instrument level (e.g., capillaries, extracel- 
lular and intracellular tissue), or different chemical states of the tracer that reside 
at the same place (e.g., deoxyglucose and deoxyglucose phosphate). 

Quantitative models usually require data on the arterial tracer concentration 
that is available to the brain for uptake (“input function”). The most accurate 
means of achieving this is arterial cannulation and blood sampling, which is, how- 
ever, invasive. Short-term cannulation of the radial artery, after testing for proper 
collateralization by the Allen test, is generally considered safe for use in human 
volunteers, with a small risk of reversible impairment and a very small risk of per- 
manent damage [2425]. Arterial cannulation may not always be possible (e.g., in 
the case of effective anticoagulation or coagulation disorders) or technically suc- 
cessful, and it certainly involves substantial inconvenience to the subjects. Thus, 
there has been a constant quest for less invasive alternatives. Blood samples of 
tracers with low peripheral extraction, such as FDG, can be obtained by sampling 
from a heated dorsal hand vein (“hot venous sampling”), providing tracer con- 
centrations that are very close to arterial values. Reference tissue techniques 
(mainly used in receptor studies; see sections 4-9.2.3, 4.9.3) or restriction of analy- 
sis to the relative distribution of CBF [by use of the 15 0 -water bolus technique (sec- 
tion4.9.i.2) and CMRglc (section 4.9.2.2)] may obviate the need for blood samples 
in clinical studies entirely. Other approaches try to extract input curve parameters 
(that are common to all voxels) from the kinetic tissue parameters measured with 
PET in brain tissue [2426]. Recent progress in scanner resolution may open up 
new possibilities for the measurement of arterial concentrations directly from 
brain PET images. 

Tracer concentrations within each (anatomical or chemical) compartment are 
denoted by C x , where index x denotes the compartment (commonly used indices 
are a: arterial, v: venous, t: tissue, f: free tracer in tissue, m: metabolized tracer in 
tissue, b: tracer bound to receptors). The speed of transfer between compartments 
is described by transfer rate constants k { . General assumptions are that concentra- 
tions are spatially homogenous within each compartment for each image resolu- 
tion element but will typically change over time and are therefore often written as 
a function of time, C x (t), whereas rate constants are constant during the duration 
of measurement. It is obvious that these assumptions and the segmentation of 
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Parameters in modeling equations 



Parameter Description 



C fl Tracer concentration in arterial blood plasma 

(whole blood for 15 0 oxygen gas} 

C v Tracer concentration in venous blood plasma 

(whole blood for 15 0 oxygen gas} 

C T Total tracer concentration in tissue 

Cf Co n ce ntration of free tracer in tissue 

C m Co n ce ntration of meta bol tzed tracer i n ti ssue 

C b Concentration of tracer in tissue that is bound to specific receptors 

C r Concent ration of t racer i n refe rence ti ssue 

k | Ki nettc con sta nt for tracer tra n sfer from bl ood to ti ssu e 

k 2 Ki netic co n stan t for t racer t ra nsfer from ti ssue to blood 

k 3 Kinetic constant for tracer transfer from free to metabolized 

or bound state 

Ic* Kinetic constant for tracer transfer from metabolized 

or bound to free state 

F Cerebral blood flow (CBF) 

\ Tissue/blood partition coefficient 

E Tracer extraction fraction {during capillary passage) 

PS Permeability surface product 

Vmax Maximum initial reaction velocity 

Kt# Michaelis-Menten constant (substrate concentration 

at half-maximum velocity) 

LC L u m ped con sta nt (fo r co n verti n g deoxy g I u co se 

to glucose metabolic rates) 

Maximum receptor-binding capacity 
Receptor-ligand association rate constant 
koti Receptor-ligand dissociation rate constant 

f 2 Fraction of free I ig a nd th at i s a va i I a b le for speci fic binding 

SA Specific tracer activity 

BP Binding potential 

Ko Equilibrium dissociation constant 

DV Distribution volume 



physiological processes into compartments are approximations and that real life 
is much more complicated. Therefore, mathematical models need to be validated 
for each tracer before being used in clinical studies. For ease of reference a list of 
abbreviations used in this chapter is given in Table 4.2. 
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4.9,1 Blood and Homogeneous Tissue (One Tissue Compartment) 

This situation is the simplest and most common dealt with in tracer kinetic mod- 
eling (Fig. 4.4). K x describes the speed of transfer from blood to brain, which 
depends on the (constant) properties of the transport process (e.g., the activity of 
a carrier enzyme) and the concentration of the tracer in arterial blood, C a (t), 
which is also called “input function” (see also Chapter). For most tracers, it is not 
actually the concentration of the tracer in whole blood that is relevant, but the con- 
centration in plasma, because the tracer is not taken up by blood cells or, if it enters 
blood cells, does not pass from them to tissue during capillary passage. Thus, in 
most cases, C a (t), is actually the tracer concentration in plasma. There are no sat- 
uration effects caused by the minute amounts of tracer substance that could 
change transport rates, and therefore actual tracer transfer from blood to tissue is 
simply given by kj multiplied by C a (t). The same is true generally for the reverse 
transport, which is the product of k 2 and tracer concentration in tissue, C t (t). In 
actual measurements, we will usually be able to measure arterial blood concen- 
tration by blood sampling, and tissue concentration (together with a contribution 
from blood within each voxel, typically approximately 5 % of total volume) by PET. 
In mathematical terms, the change of tissue concentration over time is described 
by the differential equation: 



Rate constants kj and k 2 are given per time unit, typically per minute. We assume 
throughout that all concentration measurements in blood and tissue are made per 
volume (usually per milliliter). Alternatively, the transfer rate constant from blood 
to brain may be found in the literature in units of milliliters of blood per gram of 
tissue and minute, and it is then denoted by a capital letter as K x . The conversion 
is made by use of the specific weights for blood and tissue [2427]. The standard 
solution of Eq. 4.1 is the convolution of the time course of arterial concentration by 
the transport process: 



dC t 

dt 



~K'C a k 2 C t 



(4.1) 




(4.2) 



0 



Schematic of model with one 
tissue compartment 
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In the classic and most general situation, we know values of C a (t) and C t (t) at mul- 
tiple time points from measurement, and wish to determine kj and k 2 . This can be 
achieved by nonlinear regression analysis, also called curve fitting. This is an iter- 
ative optimization procedure for estimating kj and k 2 , in which the sum of squared 
differences between measured C t values and C t values calculated from C a , kj and k 2 
is minimized [2428]. If equation parameters k x and k 2 (or similar terms from other 
models) are determined for each voxel, the resulting images are called parametric 
images. 

In practical implementations, it is necessary to consider that tissue concentra- 
tions are measured with PET not at discrete points in time, but over certain time 
intervals determined by frame duration. Best accuracy is achieved if both sides of 
the equation are integrated over these measurement time intervals before fitting. 
Measurements of tissue activity are associated with random error due to stochas- 
tic isotope decay. According to the Poisson distribution, the absolute variance is 
proportional to total counts, and therefore the relative error is smaller at high 
activity and long measurement intervals. To account for this, data points should be 
weighted by the inverse of relative variance in the fitting procedure. 

With manual blood sampling, it is necessary to interpolate C a (t) between meas- 
ured data time points. Linear interpolation is frequently used, but the possibility 
that with bolus injections peak arterial activity might be missed and be underes- 
timated by linear interpolation of adjacent data points must be borne in mind. 
Therefore, automated continuous arterial blood sampling is preferable for such 
measurements [2324, 2429, 2430]. With rapid bolus tracer administration, differ- 
ences in arrival time of the tracer in the brain and in the peripheral blood sam- 
pling device (typically a few seconds later) and bolus dispersion in sampling tub- 
ing must be taken into account, as both of these can have a significant impact on 
results if not properly corrected for [2431, 2432]. There have also been attempts to 
derive arterial blood activity from PET measurements of heart or cerebral vessels, 
but this is not yet generally possible in practice. In certain situations, sufficiently 
accurate values can be obtained by the use of average input functions to represent 
C a [1798, 2433]. 

The contribution of intravascular tracer activity to tissue activity, as measured 
with PET, needs to be considered, particularly in cases in which C a is high relative 
to C t . Thus, measured activity, C PET , is then modeled as a weighted sum of C a and 
C t , where the relative weight is obtained either from independent measurement of 
local blood volume (e.g., by 15 0 -C 0 , see section 3.3). 



4.9.1 .1 Transport across the BBB 

A standard application of this simple model is the measurement of transport 
across the BBB (see section3.i). It is rarely used in its most general form in clini- 
cal practice, but is encountered with slight modifications in many measurement 
situations explained below. 
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4.9.1 .2 Cerebral Blood Flow 

Freely diffusible tracers are the most suitable for CBF measurement (see sec- 
tions.!). Their kinetics can be modeled by modification of the standard one-tis- 
sue-compartment model (Fig. 4.5). Rate constants kj and k 2 are now no longer 
related to transport at the BBB, which is complete due to free diffusion of the tracer 
into tissue during capillary passage. Free diffusion also leads to equilibration of 
tracer concentration in tissue, C t , with that of outflowing venous blood, C v . Thus, 
the concentration in tissue is the same as in venous blood multiplied by the 
tissue/blood partition coefficient, A, of the tracer. Consequently, tracer delivery to 
tissue (flow times arterial concentration) and loss from tissue (flow times venous 
concentration) depend entirely on blood flow, F. With replacement of the venous 
concentration by tissue concentration divided by the distribution coefficient, this 
results in the following differential equation for the change of tissue concentra- 
tion: 



dC t 

dt 



= FC n - 




(4.3) 



It has exactly the same structure as Eq. 4.1, with F replacing k x and F/A replacing k 2 . 
With this replacement, Eq.4.2 also describes the dependency of tissue activity on 
CBF. Thus, in principle, the units of CBF are the same as of the rate constants (e.g., 



Schematic of model for 
cerebral blood flow (CBF) measure- 
ment with freely diffusible tracers 
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min -1 )- For historical reasons, CBF is often given in units of milliliters (blood) per 
milligram (tissue) per minute (ml/g per min), and X in grams per milliliter, 
whereas it is given as absolute numbers in our notation. Fortunately, brain tissue 
has a specific weight of close to 1 g/ml and, thus, CBF values per minute and as mil- 
liliters per gram and minute are numerically very similar. 

Typical (schematic) time-activity curves after rapid venous bolus injection of 
a tracer with distribution coefficient of 1 ( 15 0-water with a distribution coefficient 
of approx. 0.8-0.9 [1696, 2427], is close to that) and normal average brain blood 
flow (0.5 min -1 ) [2434] compared with reduced blood flow (0.2 min -1 ) are shown in 
Fig. 4.6. They illustrate that initial tracer activity in brain is directly related to 
blood flow. Subsequent washout is more rapid at high blood flow, resulting in 
cross-over of curves and higher residual tracer activity in tissue with lower blood 
flow after a few minutes. 

Since the first application of the basic principles of local CBF measurement in 
man [2435], the assumptions of equilibration of venous blood and tissue and of 
homogeneous tissue tracer concentration have been checked critically in many 
experiments and error calculations [2436] . As always with modeling, they are only 
approximately valid, but it has been shown that errors are not large for freely dif- 
fusible tracers (underestimation by less than 10% in most cases) [2437-2439]. 




Fig. 4,6. Schematic illustrating time-activity curves of cerebral 15 0-water activity after a rapid 
i.v. bolus at normal and reduced CBF 
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Several different practical implementations of CBF measurements with PET 
based on this model have been suggested (see ref. [2440] for a detailed method- 
ological discussion). They can be ordered with respect to the part of the dynamic 
curve they mostly rely upon. 

4.9.1 .2.1 The Influx Approach 

The influx approach relies on the very first part of the curve, when washout effects 
are still small (Fig. 4.7). When we neglect washout (the second term in Eq. 4.1), the 
exponential term in Eq. 4.2 disappears and tissue activity is proportional to blood 
flow (and the integral of arterial activity). This implies that the initial tracer dis- 
tribution approximates the CBF distribution. If we wish to quantify CBF in 
absolute units, we need to measure C t and C p in absolute units. This approach has 
been validated for clinical use with single-frame measurement times of 40-60 s 
duration, and because of its structural similarity with the autoradiographic 
microsphere technique has been dubbed the “autoradiographic” technique [2441]. 
In its original version, it involves a schematic correction for the reduction of tis- 
sue activity due to early washout, but it is also often used without that correction, 
especially for brain activation studies. It has become a widely used technique 




F ki 4.7. Schematic showing cumulated activity curves of cerebral 15 0-water activity, as used 
with influx"autoradiographic" technique, after a rapid i.v. bolus at normal and reduced CBF. The 
distinction between high and low CBF signal is best at the initial parts of the curve 
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because it is easy to implement, it has a short measurement time, and there is a 
straightforward relation between measured activity and CBF. Limitations are 
caused by the number of counts that can be collected during the short measure- 
ment interval (often resulting in relatively noisy images), and it requires a scanner 
that can process high count rates (which is now standard but was not the case in 
some earlier scanner types). Proper correction for bolus delay and dispersion in 
peripheral blood samples is crucial for accurate quantitation of absolute values 
[2442, 2443]. A simplified version without blood sampling that provides relative 
values (mainly for activation studies) has also been developed [2444]. Optimum 
sensitivity for detection of local CBF changes in functional activation studies is 
achieved by the use of 3D data acquisition and fractionation of the total injected 
dose into multiple injections of approx. 370-500 MBq each, with replication of 
activation conditions [2445]. A short phase of data acquisition lasting approx. 45 s 
starting when the activity bolus reaches the brain minimizes signal loss through 
rapid tracer washout in high-flow areas [2446]. 

4.9.1 .2.2 Fitting the Kinetic Curve 

Fitting the complete kinetic curve extracts a maximum of information from the 
data and is an approach that is not limited to particular modes of tracer adminis- 
tration [2428]. It has been adopted for ^O-water [1696, 2447, 2448], l8 F-fluo- 
romethane [2449], bolus inhalation of 15 0 -carbon dioxide [2450], n C-butanol 
[2437], and 15 0 -butanol [2451, 2452]. Typical measurement times for a kinetic 
series are around 5 min. In addition to determination of blood flow F, the partition 
coefficient X can also be calculated as the ratio of k x to k 2 . Comparison of the 
kinetic curve in different brain regions allows conclusions to be drawn from the 
model on the common input function, which opens up an indirect way of achiev- 
ing absolute quantitation of CBF without blood sampling [2453]. Another 
approach for absolute quantitation without arterial blood sampling involves the 
use of an average input function and calculation of absolute global CBF from the 
washout phase (k 2 ), which is then used for scaling of k r based CBF maps [1798]. 

4.9.1. 2.3 The Steady State Technique 

In a sense, this technique relies on the late part of the kinetic curve. By continuous 
inhalation of 15 0-carbon dioxide, which is converted to 15 0-water in the lung, a 
steady state of tracer delivery, washout, and isotope decay in tissue is reached [1713, 
2454]. Historically, it was the first method for quantitative measurement of CBF 
with PET, mainly because it could also be implemented with the limited count-rate 
capabilities of first-generation PET scanners. It is closely related to and usually 
performed in conjunction with steady state inhalation of 15 0-oxygen gas for 
measurement of the cerebral metabolic rate of oxygen (CMR 0 2 ). It has largely 
been abandoned for clinical studies because of the long measurement duration, 
relatively high radiation dose to airways, regulatory difficulties with the applica- 
tion of gaseous isotopes in some countries, and nonlinear signal to CBF relation 
[2440]. 
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4.9.1 .3 Mixed Effects of Transport and Blood Flow 

Most tracers used for brain imaging show a high first-pass extraction from blood 
to tissue, which is necessary to provide a good tissue signal within a measurement 
time of 30-60 min, but are not entirely freely diffusible. In that case, Eqs. 4.1 and 4.2 
apply for tracer transfer from blood to brain, but transfer from blood to brain (k x ) 
is now determined by blood flow, F, times the tracer extraction fraction, E, and k 2 
reflects of low, extraction fraction, and partition coefficient. Thus, we now have: 

k=E-F-,k 2 =^~ ( 4 . 4 ) 

The extraction fraction is determined by blood flow, F, and the permeability-sur- 
face product, PS, of the tracer, according to the Renkin-Crone equation [2455]: 

_PS 

E = l-e F ( 4 . 5 ) 

There are two important limiting cases: If permeability is very high, as is the case 
for freely diffusible tracers, then E = 1; if permeability (or surface) is very small, 
then EF = PS, and kj is thus also approximately equal to the permeability surface 
product, PS. Therefore, in this case, we can use kinetic fits according to Eq. 4.2 to 
determine PS. This has been done for the measurement of BBB permeability with 
tracers 82 Rb [725,2436] and 68 Ga-EDTA [729,2457]. 

If independent measures of blood flow are available, Eqs. 4,4 and 4.5 can be used 
to measure PS for any substance from its by dynamic curve fitting. This is of par- 
ticular interest in the study of pharmacokinetics. In practice, a blood flow meas- 
urement by 15 0-water can be done a few minutes before the kinetics of the test sub- 
stance are measured in the same subject, recognizing of course, the modest 
diffusion limitation of 15 0-water. 



4.9.1 .4 Measurement of the Partition Coefficient 

As mentioned in the discussion on CBF measurements, the partition coefficient 
(synonymous with distribution volume) X can be determined from a curve fit of 
kinetic data as the ratio kj/k 2 . If there is relatively little change in tracer blood 
levels (compared with blood-brain transport kinetics), the ratio of tissue to blood 
activity, C t /C a , is also approximately equal to the partition coefficient. Thus, a 
single PET image taken in that phase of tracer kinetics may provide a reasonable 
representation of steady state tracer distribution. This approach has been used 
for instance for the estimation of benzodiazepine receptor binding capacity with 
n C-flumazenil in ischemic stroke and epilepsy [861, 2198]. 
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4.9.1 .5 Saturable Transport and Enzyme Reactions 

The brain needs various biochemical substances that cannot cross the BBB by 
diffusion, such as glucose, amino acids, and nucleosides. They are transported by 
specific enzymatic carriers that can be saturated by these substrates [1872]. Since 
PET is operating with picomolar tracer concentrations far below the K M values, 
which are in the micromolar range, we still have a linear relation between transfer 
rates and tracer concentration, and Eq. 4.1 can be applied. Rate constants k x and k 2 
now depend on maximum velocity, V max , and affinity of the carrier enzyme, and 
on the competing levels of unlabeled endogenous substrates (denoted by °) in 
plasma, C°, and in tissue, C?. In general, enzyme affinity to competing unlabeled 
substrates, K^, does not need to be identical with that for the labeled tracer, K M , 
particularly if the latter is an analogue tracer that is not chemically identical to the 
natural substrates. According to Michaelis-Menten kinetics, rate constants k t and 
k 2 are then related to these biochemical parameters by the following equations: 



cose transport by comparison of FDG and n C- O-methyl-glucose to natural glucose 
[2458,2459]. 

4,9.2 Metabolism 

Many tracers undergo metabolism or are bound to receptors in the brain and, 
quite often, metabolism and binding are the physiological processes of interest. An 
additional compartment is added to differentiate between free, C f , and metabo- 
lized tracer, C m , in tissue (Fig. 4.8). Differential equations describe the change of 
concentrations in these compartments over time (by analogy with Eq.4.1): 




(4.6a) 




(4.6b) 



Related calculations have been used to study carrier-mediated blood-brain glu- 




(47a) 



and 




dt 



(4.7b) 



4.9 Physiological Modeling 213 



Model with two tissue 
compartments {shaded areas) to 
describe transport and metabolism 



Blood 

C a 


free 

tracer 

c f 

k i 


metabolized 

tracer 

k 3 , 










k 2 


k 4 



The corresponding solutions that describe the time-activity curves Cf(t), C m (t), 
and total tissue activity C t (t) involve two exponential terms multiplied by time 
course of blood activity, C a (t) [2460]. In principle, rate constants kj to k 4 can be 
determined by curve fitting as described above, but the results are often not very 
accurate owing to a limited number of data points (should be more than 20) or 
too-short measurement time (90 min or more may necessary for a four-parameter 
fit). Unique determination of rate constants also requires that they are clearly dif- 
ferent from each other, representing separable kinetics from fast (typically tracer 
delivery and transport at BBB) and slow (typically binding or metabolism) 
processes. Even more complications arise if tracer metabolites in blood occur that 
may also enter brain tissue (as is the case for FDOPA, for instance [2461]), or if we 
wish to measure processes in heterogeneous tissue, such as tumor or infarcted 
brain [2439]. Thus, this general model and the associated curve fitting are rarely 
applicable to clinical situations, and simplifications by approximation are needed. 



4.9.2. 1 Irreversible Metabolism (Metabolic Trapping) 

Some tracers, e.g., FDG and FDOPA, are essentially trapped in tissue (at least dur- 
ing relevant measurement times) after metabolism. Irreversible trapping implies 
that k 4 is negligibly small, and the time course of total tissue tracer activity, C t (t), 
can be split into a first (reversible) term that represents free tracer, Cf(t), and a sec- 
ond accumulating term that represents metabolized or bound tracer, C m (t): 

C t (t) = C f (t) + C m (t) (4.8) 

with 



CAt)-- 



KK 

K+k, 



jc.W 



e -(K+k 3 )(t-x) dxand c ( f ) = 



k 2 +k, 



l 

jc a (x)dx 



An important generalization of this approach refers is that if we are interested only 
in the metabolic rate, the exact time course of free tracer activity is not important 
when two conditions are fulfilled: (1) plasma activity declines to levels that are 
very small and change only slowly relative to metabolized tracer concentration in 
brain, and (2) free tracer activity follows plasma activity with transport kinetics 
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that are more rapid than the metabolic rate. In that case the ratio of free tracer in 
tissue to plasma activity, Cf(t)/C t (t), approaches a constant value, B. The ratio of 
tissue activity to plasma activity can then be approximated by 



C t (t) 

c a (t) 



Jc fl (x)dx 

~r~7 — + B with B - 

***** C a (t) (K+kJ 



(4-9) 



The validity of this approximation has been demonstrated by Patlak et al. [1936] 
even for irreversible accumulation preceded by an indefinite number of reversible 
transport steps. Thus, we can no longer use individual rate constants, and the rate 
of irreversible accumulation, k 1 k 3 /(k 2 +k 3 ) in Eq.4.9 collapses into a single com- 
posite constant, which is called the influx constant, ki. If C t /C a is plotted against the 
ratio containing C a in the right-hand side of Eq. 4.9, the plot becomes levier with 
a slope of kj. This convenient method of graphical analysis for irreversible 
processes is referred to as the Patlak plot [1936]. 



4.9.2.2 Measurement of Local Cerebral Glucose Metabolism 

The technique of measuring local cerebral glucose metabolism (CMRglc) via 
measurement of FDG accumulation was based on the autoradiographic deoxyglu- 
cose technique for measuring CMRglc in laboratory animals [2462]. It has been 
adapted for PET in several variants. Unlike autoradiography, PET can deliver 
kinetic data and thus provide direct measurement of the kinetic constants of FDG, 
with kj and k 2 representing carrier-mediated transport at the BBB (with little 
influence from blood flow at an extraction rate of approx. 0.2) and k 3 representing 
phosphorylation by hexokinase yielding FDG phosphate that does not undergo 
further glycolysis. Dephosphorylation by brain phosphatase is slow. Thus, k 4 is 
nearly one order of magnitude smaller than k 3 and cannot be determined with 
short measurement times up to 60 min [2460, 2463]. Some FDG phosphate may 
undergo further metabolism in the pentose phosphate pathway, but also, in negli- 
gible amounts, at least in normal brain [2464]. 

Calculation of CMRglc requires measurement of plasma glucose, C°, from 
which intracellular glucose is estimated (assuming a steady state of glucose levels 
and local glucose metabolism). This estimate and a correction for different 
enzyme affinities was put together in a “lumped constant”, LC, which converts the 
metabolic rate of FDG to that of glucose [1740, 2465]. There has been some discus- 
sion about the actual value of the LC in human brain, with suggested values rang- 
ing from 0.42 to more recent, measured values of about 0.82 [1741, 1747, 2466, 2467]. 
Therefore, we need to know the actual value of the LC used for comparison of 
absolute values of CMRglc from different studies. Some older methods of synthe- 
sizing FDG included significant contaminations from l8 F-fluoro-2-deoxy-D-man- 
nose, which can be accounted for by using slightly lower values for the LC [2468]. 
The lumped constant is increased by hypoglycemia [2469] and may also be higher 
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in brain tumors and in regions of recent ischemic infarct than in normal brain 
[621, 2470]. With rate constants measured by dynamic curve fitting or by integra- 
tion techniques, the equation for calculation of CMRglc is: 



r° 

CMRglc = a 



*.*3 

LC k 2 +k 3 



(4.10) 



The term k 1 k 3 /(k 2 +k 3 ), representing the metabolic rate of FDG, can be substituted 
by the influx rate constant kj determined with the linear approximation of Patlak 
et al. [1936, 2471]. There have also been modifications that avoid the assumption of 
a fixed LC and refer instead to the Michaelis-Menten equation to account for the 
relations between enzyme affinities for FDG and glucose [2466]. 

Determination of individual rate constants is not very practical in many clini- 
cal applications, and methods are preferred that can be done with a single scan, a 
situation similar to the original development of the method for autoradiography. 
Then the deviation from population average CMRglc (given by the average rate 
constants) is estimated from a single scan. Actual measured FDG activity is com- 
pared with the activity that would have been expected at the time of the scan with 
the individual’s blood activity- time course and average rate constants [2472]. The 
original approach [1740] underestimated CMRglc in brain areas with pathologi- 
cally low FDG uptake, whereas later versions provide estimates of CMRglc that are 
in close correspondence with measurements based on individual determinations 
of rate constants [2473]. In that approach, local CMRglc is proportional to meas- 
ured FDG activity, which implies that with scaling of whole-brain glucose metab- 
olism to a population average, images of CMRglc and FDG distribution are iden- 
tical. 

Quantitation of CMRglc by dynamic fit or by single scan requires multiple arte- 
rial blood samples to provide the course of FDG activity in plasma, which is used 
as the input function C a (t). Short-term cannulation of the radial artery is a mildly 
invasive procedure that has a low complication rate [2474], but it is time consum- 
ing, can induce substantial discomfort, and is not possible in subjects with 
impaired blood coagulation. Therefore, alternatives are highly desirable. The 
peripheral extraction of FDG is rather low (approx. 10% or less), which allows 
approximation of arterial concentration by sampling from an arterialized dorsal 
hand vein (achieved by heating the hand) [2465]. Another alternative is approxi- 
mation of the input function by a population-based average curve that is scaled by 
one or two arterial samples [2433, 2475] or use of an image-derived input function 
from the region of the carotid bifurcation with scaling by a late venous blood sam- 
ple [2476]. Even with these simplified approximations, calculation of CMRglc is 
preferable over less physiological values, such as the standardized uptake value 
(SUV, the tissue tracer concentration divided by the injected dose per unit body 
weight) that is frequently used to assess FDG uptake in other organs, because it 
takes due account of the influence and interindividual variation of plasma glucose 
and the amount of FDG delivered to the brain by the blood. 
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To avoid the conversion factor needed with the analogue tracer FDG, native glu- 
cose labeled with n C in the i-position (i- n C-D-glucose) has also been used for 
quantitation of CMRglc. Modeling is based on the same two-tissue-compartment 
model as with FDG, but an additional term is necessary to account for labeled 
metabolites (mainly lactate and other monocarboxylic acids and C0 2 ) [1746]. 
Metabolites occur in plasma and in brain, and loss of labeled C0 2 from the brain 
is dependent on CBF. Data indicate that there is a rapid loss of labeled lactate from 
brain, suggesting that it represents a significant nonoxidative part of glucose 
metabolism in brain (approx. 10% of total CMRglc) [1746]. By comparison with 
FDG uptake, the method has been used to obtain estimates of the LC for FDG in 
human brain tumors [621]. 



4.9.2.3 The Reference Tissue Model for Dopamine Synthesis and Storage 

Measurement of dopamine synthesis and storage with FDOPA also includes an 
essentially irreversible step, similar to phosphorylation of FDG by hexokinase. For 
FDOPA, this step is the decarboxylation by aromatic amino acid decarboxylase 
(AAAD) to l8 F-dopamine, which occurs only in dopaminergic cells and terminals 
(see section 3.10.1). Further metabolism occurs in only small quantities after 
synaptic release from vesicles. Thus, in principle, the relevant compartments are 
represented in Fig. 4.8, with k 2 and k 2 describing FDOPA transport at the BBB, 
which is mostly mediated by LNAA as for other large neutral amino acids, k 3 
describing decarboxylation by AAAD, and k 4 , which is negligibly small. There is a 
complication caused by the metabolite 3-0-methyl-6- l8 F-fluoro-L-dopa (OMFD), 
which is present in plasma and in tissue, but is not a substrate for AAAD. Thus, in 
principle, it would be necessary to determine metabolites in plasma to determine 
plasma FDOPA activity and subtract the contribution of OMFD to measured tis- 
sue activity in the free tracer compartment before Eq.4.8 can be applied [295, 
2477]. 

Use of the Patlak approach (see section 4.9. 2.9; Fig. 4.9) permits quantitation of 
AAAD activity in terms of the influx constant, k i? on the assumption that the 
OMFD concentrations in plasma and in tissue parallel plasma FDOPA concentra- 
tion and can thus be included in constant B of Eq.4.9 after some time [293]. This 
simplifying approach has been driven even further by disregard of plasma activ- 
ity while AAAD activity was estimated by comparison of local tracer accumulation 
with activity in occipital cortex, which is free of dopaminergic innervation [294]. 
Again, the assumption is made that the ratio of OMFD concentration to FDOPA 
concentration in tissue approaches a constant value after some time, which then 
allows the approximation 
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Fig. 4,9. 

Patlak plot of 
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(4.11) 



where C r (t) is the tracer activity in occipital reference tissue, and the accumulation 
rate, is a measure of AAAD activity. 



4.9.2.4 Reversible Metabolism or Binding 

This is the most complicated situation that can be handled by dynamic curve fit- 
ting. It involves a k 4 to describe the reverse metabolic step (see Fig. 4.8), and it is 
usually necessary to have a measurement time extending over at least 90 min even 
with tracers with relatively fast kinetics to obtain a reasonable fit of k 4 . Another 
important requirement is that rate constant kj is much faster than k 3 , and k 2 is 
much faster than k 4 , for it to be possible to separate these components of tracer 
kinetics by curve fitting. In this case, the total measured activity is related to 
plasma activity by two convolution terms [2460]. 

The accuracy of individual rate constants determined by curve fitting is usually 
rather low in this complicated situation, and convergence of fits needs to be 
checked. The procedure is therefore not suited for general clinical use. It has been 



218 Chapter 4 • Data Acquisition, Reconstruction, Modeling, Statistics 



noted that compound parameters derived from combinations of rate constants are 
more robust, because some errors tend to cancel each other out. There have been 
modifications to make the procedure more robust, for instance by including k 4 as 
a small fixed value, or by adjusting the Patlak plot to include a small k 4 [2478]. In 
the interpretation of such complex kinetic data, it should be kept in mind that they 
are sensitive to many causes of error, including tissue inhomogeneity, which is 
usually inevitable [2439]. 



4.93 Receptor Binding 



The dynamics of receptor binding can be analyzed with reference to the same 
framework as used for measurement of metabolism (see Fig. 4.8). For intuitive 
understanding we replace the term used for metabolized tracer, C m , by C b to indi- 
cate specifically bound tracer. C f comprises that part of tracer in tissue that is not 
specifically bound, which may include not only free but also nonspecifically bound 
tracer that cannot be displaced by specific competitors. The physiological inter- 
pretation of rate constants k 3 and k 4 now relates to receptor-binding parameters 
[2479]. Usually, B max denotes the concentration of receptors that are available for 
binding, k on the receptor-ligand association rate constant, k off the corresponding 
dissociation rate constant, f 2 the fraction of free ligand that is available for specific 
binding (i.e., not bound unspecifically in tissue). Unlabeled (“cold”) ligand is pres- 
ent in preparations of many radio ligands, and because some receptor systems 
may have rather small numbers of available binding sites, saturation effects can- 
not always be ignored. The amount of total injected ligand mass (labeled and un- 
labeled) is particularly critical for high-affinity substances. The proportion of 
labeled tracer relative to the total amount of receptor binding ligand is called spe- 
cific activity, SA. The following equations apply: 



^3 max 

and 




(4.12a) 



K =k off (4.12b) 

If the amount of total receptor binding ligand, C b /SA, is very small relative to the 
binding capacity, B max , it can be disregarded, and k 3 is then simply the product of 
k on , f 2 , and B max . In this situation only, k 3 can be assumed to be constant during 
measurement time, the linear model (Eqs. 4.7a, b) applies, and curve fitting proce- 
dures can be applied as usual. It should be noted that we do not get a separation of 
receptor density from the association kinetic constant in this case. 

If receptor occupancy by the ligand cannot be disregarded, k 3 is not constant 
and it must be replaced by B max (constant, determined by fit), C b (time-dependent, 
part of total measured activity), SA (constant measured independently), and k on f 2 
(determined by fit) according to Eq.4.12 in the fitting procedure. To extract k on 
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from the product k on f 2 that is determined by the fit, the relation f,/f 2 = kj/k 2> or 
f 2 = f^/k,, must be used, where f L is the fraction of tracer in plasma that is avail- 
able for transport across the BBB, which usually means that it is not bound to 
plasma protein, f, can be measured from plasma samples by chemical methods, 
although these measurements are cumbersome and may not accurately reflect the 
in vivo situation [2480]. Separate fitting of B max , k on , and k off (which together with 
k, and k 2 now make five parameters to be determined by fitting) makes things very 
complicated, but it also offers the possibility of distinguishing between affinity 
and binding capacity, and thus providing quantitative measures of B max and K D (= 
k 0 ff/k on ) in vivo [2011, 2203]. In order to get reliable results it is usually not suffi- 
cient to do just one fit; rather, multiple measurements with different specific activ- 
ities are required. 

In most clinical applications, no attempt is made to determine B max and K D sep- 
arately, but the so-called binding potential, BP, is accepted as adequate [2481], 
which is B max relative to K D (BP = B max /K D ). In most instances in this book, when 
a reference is made to receptor binding capacity, it is the binding potential or a 
closely related parameter (see section 4-9.3.2 for more details) that was measured. 
In the case of negligible occupancy of receptors by the tracer and co-injected cold 
ligand, the BP can be calculated from measured parameters in a kinetic study as 



BP = 



Kk 3 



(4-13) 



Because of the additional work and problems that are involved in accurate meas- 
urement of f 2 in plasma by chemical means [2480], quite frequently a measure is 
used that is closely related to the binding potential as defined originally. It is 
denoted BP‘ in this book, and is also known as V 3 ” (see reference [2044] for a more 
comprehensive review of common designations). It assumes that nonspecific 
binding (as taken into account by f 2 ) in tissue is a constant and can therefore be 
disregarded. It can be calculated directly from rate constants k 3 and k 4 by 

BP ‘= f 2' B max/K D = k 3 /k 4 (4.14) 

For reasons explained in the previous section, these full kinetic fits are unwieldy 
and require great care to make them reliable. Thus, approaches have been devel- 
oped, in particular for the reversibly bound receptor ligands, to simplify calcula- 
tions and to ensure that robust results are obtained. There approaches are 
described in section 4.9.3.2. 



4.9.3. 1 Irreversible Receptor Binding 

In principle, the same situation as for metabolic trapping arises if a tracer is irre- 
versibly bound to a high-affinity receptor, such as when "C-methylspiperone 
[2002] or l8 F-methylspiperone [2007] is bound to D2 receptors. In that situation, 
Eq.4.8 provides, at least in theory, the basis for determination by curve fitting of 
k 3 , which is proportional to B max if receptor occupancy by tracer and coinjected 



220 Chapter 4 • Data Acquisition, Reconstruction, Modeling, Statistics 



cold ligand is negligible [2012, 2482]. In contrast to the situation with relatively 
slow metabolic processes, binding of spiperone to high-affinity receptors is usu- 
ally rather fast, and therefore it is usually impossible to separate transport kinet- 
ics (k x and k 2 ) from binding kinetics (k 3 ) by curve fitting. Instead, the rate of tracer 
accumulation, k 1 k 3 /(k 2 +k 3 ), is determined. k x and k 2 are measured in a brain region 
devoid of specific receptors (for D2 receptor tracers usually in the cerebellum), 
assuming that BBB transport does not differ substantially between brain regions. 
Unfortunately, k x and k 2 depend on blood flow for tracers with high brain extrac- 
tion, and thus local changes in blood flow cannot be separated from changes in 
receptor binding by this approach. For this reason, the use of receptor ligands with 
irreversible binding has largely been abandoned in spite of their favorable chemi- 
cal properties. 

4.93.2 Equilibrium Approaches for Quantification 
of Reversible Receptor Binding 

Reversible receptor binding is best measured at equilibrium, because this elimi- 
nates possible sources of error from blood flow and transport kinetics. Equilib- 
rium can be approximated in vivo by programmed infusion of the tracer starting 
with a bolus followed by a lower dose per unit of time to give a constant plasma 
level of free tracer. It is then necessary to wait until tissue compartments of free (or 
nonspecifically bound) and specifically bound tracer also approximate equilib- 
rium, which may take up to several hours, depending on tracer kinetics [2479]. 
That approach has been adopted for n C-flumazenil [2194, 2200], n C-dihydrotetra- 
benazine [2483], RAC [2018, 2041], l8 F-altanserin [2175], and l8 F-cyclofoxy [2484]. 
Under such equilibrium conditions, the volumes of distribution can be obtained, 
typically by simple measurement of tissue activity, C t , in two region types, and by 
comparison with plasma activity, C p . The target region contains the receptor of 
interest and therefore comprises compartments with bound, C b , and free (includ- 
ing nonspecifically bound) tracer, C f . Thus, the tracer distribution volume there is 
defined by 



It is typically compared against a reference region where tissue activity is free of 
specific receptor binding, and thus defined by 



Of course, the classic binding potential, BP, can easily be calculated from BP* if f 2 
is known, using BP = BP*/f 2 . Alternatively, if f 2 is known, BP can be obtained from 




(4.15a) 



DV ref = C f /C p 

The modified binding potential, BP*, is easily obtained from 



(4.15b) 




(4.15c) 




(4-i5d) 
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This equilibrium method has solid foundations, but it maybe difficult in practice 
to achieve actual equilibrium by programmed infusion, because transport kinet- 
ics and systemic tracer elimination may vary among individuals. Therefore, a sub- 
stitute is often used that takes advantage of the property of many tracers with high 
brain extraction and substantial nonspecific binding, i.e., shows little change in 
plasma activity as opposed to relatively high tissue activity after initial tracer dis- 
tribution following a bolus injection. Whether such an approximate equilibrium is 
actually achieved can be seen from a special graphical representation of kinetic 
data, the Logan plot [2485]. 

In the Logan plot (Fig. 4.10), the integral of regional activity over current 
regional activity is plotted versus the integral of plasma activity over current 
regional activity: 



t t 

Jc f (x)dx jc p (x)dx 



y(t) = ± 



C t (t) 




(4.16a) 



It has been shown that the slope of this curve approximates the regional tracer dis- 
tribution volume [2485]. By comparing these slopes for the target (DV rec ) and the 
reference region (DV ref ), the binding potential is calculated according to Eq. 15c or 
i5d. 

If a good estimate of average brain k 2 is available and if it can be assumed that 
it is not changed by the experiment in the target or the reference region, it is even 



Fig. 4 . 10. 

Logan plot 
of striatal 
^C-raclopride 
(RAC) binding 







222 Chapter 4 • Data Acquisition, Reconstruction, Modeling, Statistics 



possible to avoid the use of a plasma input function [2486]. The integral of target 
region activity over current region activity is now plotted against a more compli- 
cated transformed time axis involving the integral of tissue activity in the refer- 
ence region, which represents only free and nonspecifically bound tracer: 



The slope of the linear part of this plot approximates BP*. Although this variant of 
the Logan plot is very convenient, because all calculations can be done after a sim- 
ple bolus injection without plasma sampling, it should be used with caution. In 
addition to changes in plasma binding or nonspecific tissue binding that may bias 
all estimates of BP*, it could also be biased by a change in blood flow because of its 
effect on k 2 . The problem with possible CBF dependence is not so serious as with 
the irreversibly bound tracers. If measured data show that the ratio of target and 
reference tissue becomes rather constant for a sufficiently long period of time over 
the course of the experiment, the effect of k 2 (and any potential problem with CBF 
dependence) is so small as to be negligible and the correction term involving k 2 in 
Eq. 16b can be omitted (because it does not influence the slope). 

Since the fitting of a slope in the Logan plot approach can be done by simple lin- 
ear regression, it is also very well suited to generating parametric images [2487, 
2488]. Refinements for the calculations have been suggested to test linearity and 
optimize goodness of approximation [2489], depending on kinetic properties of 
the tracer. 



4.9.4 Extraction of Model Parameters from Kinetic Data 

The standard approach applied to extract the model parameters from kinetic data 
is to fit the model to regional data (i.e., a time series measured at a particular loca- 
tion in the brain as defined by a volume of interest; see section 4.10.1) by mini- 
mization of the sum of squares (SSQ) of the residuals. Since models include linear 
and nonlinear (usually exponential) parameters, nonlinear fitting routines are 
required, which are provided by commonly used software packages. Users need to 
be aware of potential problems, such as poor definition of some parameters, lack 
of convergence, or convergence to a false-local SSQ minimum. Standard nonlinear 
SSQ minimization also allows for proper weighting to account for variable data 
variance, which originates from the Poisson statistics of radioactive decay and is 
modified by image reconstruction [2262]. It may also provide estimates of the 
accuracy of fitted parameters. Robustness and speed of multiple fits at different 
anatomical locations in the same subject can sometimes be improved by reducing 
the number of free parameters in individual fits [2490], e.g., by fixing the value of 
a parameter or of the ratio of two parameters. 




(4.16b) 
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Nonlinear SSQ minimization is time consuming and may not always converge 
properly. It is therefore hardly suitable for use on a voxel-by- voxel basis to create 
parametric images. Therefore, model equations are often transformed by 
weighted integration to linearize parameters that can then be estimated by linear 
regression, which can be solved noniteratively and do not have problems with 
multiple SSQ minima [2488, 2491-2496]. Weighted integration is equivalent to 
curve fitting of perfect data without noise. Integration does not preserve statisti- 
cal independence of data points, and therefore weighted integration methods usu- 
ally do not account properly for data error, but this is usually a minor problem. 
Special cases of linearizations are the Patlak and the Logan plots, which have been 
discussed above. 



4,1 0 Quantitative Data Analysis 

Quantitative image analysis is a key component of brain PET. Each PET image rep- 
resents simultaneous quantitative and specific measurements at more than 1000 
locations (resulting from a brain size of more than 1000 ml and a quantitative spa- 
tial resolution element of 1ml or less). Presentation of this overwhelming amount 
of quantitative data as a functional image is convenient and efficient, but it limits 
data interpretation to effects that are easily visualized by the observer and also 
depends on his experience and expectations. Additional techniques are needed to 
detect and extract abnormalities in individual cases or differences between groups. 

Extraction of relevant values can be based on regions or (preferably) on vol- 
umes of interest (ROIs, VOIs), thus concentrating analysis to anatomical locations 
that are known a priori to be particularly relevant (section 4.10.1). Determination 
of physiological parameters based on dynamic series, and blood samples or refer- 
ence tissue is possible for VOIs, and can also be done for each voxel, producing 
a parametric image (section 4.10.4). Quantitative regional data from individuals 
then need to be compared by appropriate statistics against a reference group in 
order to detect significant abnormalities. In clinical and experimental studies, 
values observed in different groups or with different conditions are compared 
with each other (section 4.10.3). For values derived from a limited number of VOIs 
(typically under a hundred in number), this can best be achieved by standard 
statistical software packages. With prior spatial normalization (section 4.8.2) some 
statistics can even be handled on a voxel-by- voxel basis, producing statistical para- 
metric images (also called statistical parametric maps, SPMs), as described in sec- 
tion 4.10.5. 

Standard pathways for a diagnostic study start with images from a single indi- 
vidual. If this is a single image of tracer distribution or some calculated physio- 
logical parameter (parametric image), we can proceed either by ROI/VOI analysis 
(red arrow in Fig. 4.11) to obtain regional parameters or by spatial normalization 
(blue arrow). In both cases we need to compare the individual data with reference 
data. In the case of the regional data this is done by comparison with regional nor- 
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Fig, 4.1 1 Flowchart for quantitative data analysis, which starts for each individual either with a 
single image, or with multiple (coregistered) images, or with a kinetic image series 



mative values (e.g., means and 95% confidence limits) obtained for the same 
regions in a reference group. The spatially normalized image can be compared 
with a set of spatially normalized reference images by statistical parametric map- 
ping. The regional analysis will be more efficient if we are looking for an abnor- 
mality in few specific brain regions with known borders. Statistical parametric 
mapping (SPM) will be a reasonable option if we are searching in the whole brain 
for any abnormality. Unfortunately, this global search requires a massive statisti- 
cal adjustment for multiple testing, as explained in sections 4.10.3 and 4.10.5, and 
may therefore be rather inefficient. 

Standard pathways for a scientific study looking at differences between groups 
are very similar. Now, ROI/VOI analysis or spatial normalization is done for multi- 
ple subjects rather than for a single individual. Regional analysis will result in tab- 
ulated quantitative values that undergo standard statistical methods, as described 
in section 4.10.3. Normalized images will be subjected to SPM. Again, the optimum 
choice depends on whether there is a specific hypothesis about the values in certain 
brain regions. For an analysis of a few well-defined brain regions, regional analy- 
sis is more efficient, while for a global search SPM is usually more convenient. 
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4.10.1 Regions/Volumes of Interest 

In older PET scanners that produced thick transaxial slices, it made good sense to 
place regions of interest (ROIs) on these slices. In more modern scanners with thin 
slices and near-isotropic voxels, ROIs defined on slices do not give good represen- 
tation of brain structures. Volumes of interest (VOIs) extending over several slices, 
essentially without preference of one axis over another, are much more appropri- 
ate. However, it is a somewhat tedious task to define irregular VOIs on multiple 
slices manually, and therefore primitives, such as spheres or boxes, and special 
tools, including morphological 3D operations such as dilatation and erosion, are 
offered by dedicated software applications for that purpose [2377, 2497]. 

Placement of VOIs can be guided by specific abnormalities in the PET image, 
such as the hottest part of a brain tumor, or the core of an ischemic lesion. 
Nonetheless, with this concept, care must always be taken not to fall into the trap 
of circular reasoning (such as proving that such an area is abnormal compared 
with other regions by statistical tests, which would then just reflect the way it was 
selected). It could also be dangerous to pick extremes by means of small VOIs in 
noisy images (which could merely represent the extremes of a random variation). 
This caveat also applies to the use of thresholds for automatic definition of VOIs 
on PET images [2498]. For most purposes, it is advisable to guide VOI placement 
by external criteria, such as lesions or anatomical structures defined on a coregis- 
tered MRI image. 

A common way of handling VOIs is by reference to templates and atlases. Like 
matching an image to an image template (see section 4.8.2), this usually involves 
scaling and shifting of VOIs to adapt to individual brain anatomy. In the past, such 
procedures have been developed to place ROIs on planes in standard orientation 
[2499]. Modern procedures for placement of VOIs involve various 3D transforma- 
tions [2500-2502] and make reference to digital anatomical atlases (Fig. 4.12; see 
section 4.8.3). The corollary to this is that it is also possible to superimpose a fixed 
template of atlas VOIs onto functional brain images that have been spatially nor- 
malized [2395], but with this approach there is probably less flexibility in adapta- 
tion to situations with disease-related deformations of brain anatomy than is 
allowed by procedures with individual and interactive adjustment of VOIs. 

In order to optimize sensitivity and specificity of VOI analysis, VOIs should rep- 
resent structures that are as homogeneous as possible with regard to the parame- 
ter of interest. For instance, if D2 receptors in the caudate nucleus are of interest, 
there should be as little contamination from surrounding CSF and white matter as 
possible. This is to avoid undue bias of the signal and variation that stems from 
variable admixture of low signal from surrounding structures due to interindivid- 
ual anatomical variation, rather than from changes in D2 receptors in the caudate 
nucleus. 
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Digital atlas of cortical gyri identified by different colors, that was created by manual 
segmentation of a normal brain MRI. It is shown as cortex rendering in left superior lateral view 
and three orthogonal cuts 



4.10*2 Partial Volume Correction 

For many physiological functions and receptor densities, there is a marked con- 
trast between normal gray and white matter in the brain. Even in humans, many 
gray matter structures are rather small and cortical thickness is in the order of 
3-5 mm. In animals, most structures are even smaller. With the spatial resolution 
of current PET scanners, it is often not possible to observe the gray matter activ- 
ity in such small structures in a quantitatively accurate manner, because there is 
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crosstalk between the gray and white matter signals, reducing the higher one 
(usually from gray matter) and increasing the lower one (usually from white mat- 
ter) (Fig. 4.13). This contribution of signal from another tissue compartment is 
called the partial volume effect. As a general rule, better than 95% quantitative 
accuracy is achieved at the center of a region only if the diameter of the structure 
that is measured is larger than twice the FWHM resolution of the scanner [125]. 

The loss of gray matter signal due to the smallness of structures is particularly 
disturbing if we want to compare metabolism of a structure between subjects that 
may also be affected by volume changes, e.g., due to atrophy. Thus, a reduction 
of apparent local PET signal in degenerative disease could also be due to loss of 
volume, rather than function [126, 283] . Therefore, there have been attempts to cor- 
rect for size-dependent partial volume effects. This is possible if certain assump- 
tions are made. Most frequently, it is assumed that the low signal from white mat- 
ter and CSF is homogeneous and constant within these compartments. Thus, these 
values can be obtained from pure and sufficiently large white matter (centrum 
semiovale) and CSF regions. For several tracers, CSF signal may be approximated 
as zero. If we then know the extent of the gray matter region that we wish to meas- 
ure (usually from coregistered MRI), the reduction of signal due to crosstalk from 
white matter and CSF can be estimated. 

Several algorithms for partial volume correction (PVC) have been proposed 
and evaluated [2317-2319, 2503]. Corrections are relatively straightforward and 
robust for homogeneous VOIs, but are more sensitive to severe bias and artifacts 
if applied voxel by voxel, mainly because voxels with small contributions from 
gray matter undergo huge corrections that are very sensitive to errors in the esti- 
mation of relative compartment volume contributions. Even minor errors in MRI 
geometry, coregistration and segmentation can introduce large PVC errors. Thus, 
PVC cannot currently be considered a routine tool for quantitative PET studies. 
Better accuracy is achieved by the use of scanners with 2.5-mm resolution (see sec- 
tion 4.2). 



4.10.3 Statistical Models for Quantitative Data 

Statistical analysis is necessary to progress from plain observation of individual 
cases to detection of abnormalities in individual scans and to detection of signifi- 
cant differences between subject groups to test scientific hypotheses. Standard 
approaches as described in textbooks (e.g., [2504]) and provided by software 
packages (e.g., those provided by SPSS Inc. or SAS Institute Inc., Cary, NC) are 
available for regional data extracted from images by ROIs or VOIs. Some of these 
procedures have also been transferred (at least to some extent) to the image 
domain by statistical parametric mapping (see section 4.10.5). 

First, a decision has to be made as to whether data on an absolute scale (such as 
CBF in units of milliliters per 100 grams per minute, CMRglc in units of micro- 
moles per 100 grams per minute, or B max in nanomoles per liter) are available and 
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Fig, 4. 13 Simulation of the effect of spatial resolution on image quantitation by a template 
with homogeneous activity in gray and white matter. At 5-mm spatial resolution (as in current 
standard clinical scanners) cortical glucose metabolism appears inhomogeneous, with values 
below the original values in many areas (pronounced effects in tail of caudate, mesial temporal 
and parietal cortex marked by white arrows). At 2-mm spatial resolution (now reached by ultra- 
high-resolution clinical PET scanners) quantitative accuracy is maintained in most structures 
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should be analyzed. Otherwise, regional data are often considered relative to some 
reference region or whole-brain average. The latter may vary arbitrarily, depend- 
ing on some irrelevant factor (such as injected dose, systemic tracer elimination, 
cardiac output) that is not of interest for the study and would introduce unneces- 
sary variance. Even if measurements are available on some absolute physiological 
scale, we may decide to look at only relative values because they frequently have a 
lower variance in normals than the absolute values (see also sections on CBF [3.2] 
and CMRglc [3.4]), and therefore usually have higher power to detect focal 
changes. 

Nonetheless, results obtained from relative values may be misleading if there is 
a physiologically relevant or disease-related change in the reference value. It may 
mask a regional change (if it is of the same magnitude as the change in the refer- 
ence value) or even cause a regional change to point in the wrong direction (if it is 
smaller than the change in the reference region). Therefore, absolute values should 
be checked whenever possible, even if most of the statistical analysis is based on 
regional values. 

The choice of a proper reference region to scale relative values is not a trivial 
task. If in a receptor-binding study a region devoid of specific receptors is chosen 
(which may happen as early as the kinetic modeling stage; see section 4.9.3.2), sto- 
chastic fluctuations in that region can be large if tracer accumulation is low 
(meaning that the respective VOI needs to be large to allow collection of as many 
counts as possible), and small changes in nonspecific binding may introduce a sig- 
nificant bias [2505]. With whole-brain average reference, it is necessary to specify 
what exactly is meant by “whole brain”. It could either be everything, including the 
ventricles (which may be biased by enlargement of ventricles with age or in a 
patient group), both gray and white matter (which may not make much sense if we 
want to analyze functional changes in gray matter only and could again be biased 
by atrophy of either gray or white matter), or gray matter only. In the last case, a 
procedure is needed that extracts gray matter values. This could be done by 
thresholding [1822], by use of a gray matter template that has been adapted to indi- 
vidual anatomy, or by using gray matter segmented on a coregistered MRI (which 
is probably the most accurate method, but also the most complicated). These 
details are rarely described in the methods sections of scientific papers, even 
though in certain cases the selection may have an impact on the interpretation of 
results. The potential bias from global estimators introduced by focal changes, and 
means of minimizing them, have been discussed in detail in the context of activa- 
tion studies [2506]. 

In the case of a single image from each individual, regional image data may 
directly enter statistical tests. Sometimes, we may be interested in statistics on 
values derived from regional data rather than on the original data. For instance, 
differences between corresponding regions from the two brain hemispheres may 
be analyzed in the case of unilateral disorders (such as stroke, focal epilepsy, or 
brain tumors). Alternatively, in follow-up studies, the difference in corresponding 
values between the second (or other subsequent) measurement and the first meas- 
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urement may be of interest. Instead of absolute differences, we could also use rel- 
ative differences, such as (B-A)/A or (B-A)/(B+A), where B indicates the target 
value and A, the reference value. Such relative differences are frequently expressed 
as percentage changes: [ioo(B-A)/A, or 5o(B-A)/(B+A)]. Their use is appropriate 
whenever there is reason to believe that the magnitude of the change is related to 
the magnitude of the reference value, and when it is desired to control for this, but 
such relative values may become unstable and deviate considerably from normal 
distribution if some of the reference values (in the denominator) are small or have 
high variance. 

It is also necessary to consider the issue of data distribution, because standard 
parametric statistical methods are generally based on the assumption of normal 
distribution. Normal data distribution appears to be a reasonable assumption for 
most functional values determined by PET, but has rarely been tested explicitly. 
Scatter plots in most studies show no major abnormalities suggesting significant 
deviation from normality, but deviations have been noted in certain instances and 
may require the use of appropriate transformations or nonparametric methods 
[2507]. Data distribution in PET studies should be checked at least by scatter plots 
to exclude major deviations and detect outliers that might distort parametric sta- 
tistics. 

In a diagnostic setting, it is usually important to determine whether a regional 
value is abnormal compared to a reference sample. In the case of a normal data 
distribution this is easily done by t-statistics to determine confidence limits of ref- 
erence values and the probability that the test value lies within the distribution of 
reference values. In scientific studies, t-tests can be used to compare values 
between two groups, and analysis of variance (ANOVA) is a standard procedure 
for comparisons of regional values among two or more groups. ANOVA may also 
be appropriate for complex experimental designs and can easily be extended as a 
general linear model to include continuous independent parameters (e.g., age), 
usually called covariates, for regression. If normal data distribution is not present 
and cannot easily be achieved by data transformation, nonparametric tests should 
be used. 

A common issue with image-derived data is that data are not usually analyzed 
for a single region only; rather, images provide data for multiple regions that are 
all to be tested statistically. Thus, multiple testing is frequently encountered. This 
requires adjustment of statistical thresholds because multiple tests are likely to 
yield some false-positive results. With 100 independent tests performed at the 5 % 
error level on completely random data lacking any significant signal, an average of 
five falsely significant results would be expected. A commonly used procedure to 
guard against this is the Bonferroni correction, which basically sets the critical sig- 
nificance threshold at a value calculated from the overall (experiment-wise) error 
probability threshold (usually 0.05) divided by the number of regions to be tested. 

To complicate the situation even further, however, multiple regional values 
obtained in the same individuals are not really independent of each other, but we 
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expect correlations among these regional values. As a consequence, the Bonferroni 
correction is too conservative and is likely to miss significant findings. This situa- 
tion can be handled by treating these multiple regional values as “repeated meas- 
ures” in ANOVA and general linear models [2507], which then provide statistics 
allowing us to decide whether there is a significant overall difference between 
groups and whether regional differences affect some regions significantly more 
than others. 



4.10.4 Parametric Imaging 

Construction of parametric images of physiological values can be regarded as an 
extension of regional kinetic parameter extraction (see section 4.9.4), but now we 
look at very many small “VOIs” that consist of only single voxels, and we do not 
tabulate the resulting parameters but display them as images. There are various 
obvious consequences. Because of the large number of voxels, the calculation 
demands are much higher than for VOIs. It is usually not practical to do iterative 
nonlinear least-squares fit for each voxel and faster methods are needed. Individ- 
ual voxels usually represent very few counts that have been actually measured, and 
consequently kinetic curves derived from individual voxels are usually subject to 
exceedingly large noise. The usual remedy for this problem is substantial smooth- 
ing prior to the generation of parametric images. 

In most instances, smoothing is done by Gaussian filtering of the original 
reconstructed images with typical filter widths between 6 and 12 mm, but other 
low-pass filters (that could be applied at the time of image reconstruction) can 
also be used. The reduction in high-frequency noise is achieved at the cost of a loss 
of spatial resolution. The use of nonstationary filters that extract information 
from the time domain so as to select a locally optimal filter width that maximizes 
counts in homogeneous regions while preserving the contrast between such 
regions [2508] has been suggested, but results are difficult to handle, in particular 
with respect to subsequent statistical procedures, which usually assume homoge- 
nous variance. A nonlinear ridge regression algorithm with spatial constraint has 
been suggested to integrate both spatial and temporal information for improve- 
ment of parametric image quality [2509]. 

As mentioned in section 4.9.4, algorithms for the generation of parametric 
images are often based on integration of kinetic equations to linearize parameters 
that can then be estimated by linear regression. Parametric imaging procedures 
have been developed for CBF [2449, 2510], CMRglc [2492, 2511, 2512], and receptor 
binding [2488, 2513], especially for benzodiazepine receptors with FMZ [2514, 
2513]. 

Generalized linear approaches that are not restricted to specific compartmen- 
tal models have also been developed [2491]. One of these approaches, dubbed 
spectral analysis, extracts the spectrum of exponential functions that would 
describe tracer kinetics in brain after a sharp bolus input [2516]. Because of their 
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model independence, however, biological interpretation in physiologically mean- 
ingful terms is not always clear. Owing to their linear properties, most parametric 
imaging procedures can be applied to projection data (after correction for scatter 
and attenuation) before reconstruction [2517]. 

Parametric imaging may involve a reference region that has to be selected by 
placement of a reference VOI, as described for instance for RAC (D2 receptors), 
n C-SCH 23390 (Di receptors), n C-CFT (dopamine transporters), AChE activity, 
and FDOPA [334, 2513, 2518]. 



4.10.5 Statistical Parametric Mapping 

With the relatively straightforward extension of the general linear statistical 
model that accommodates both discrete and continuous independent variables 
(see section 4.10.3) on voxels (rather than VOI-derived values), a freely available 
software package for statistical parametric mapping (SPM) developed and dis- 
tributed by the Wellcome Institute (London, U.K) [2519, 2520] has become very 
popular, especially in the context of functional activation studies in normal sub- 
jects [1825]. It is also useful to study other biological effects (such as aging or phar- 
macological interventions) in normals [31, 2521]. It offers some resources that are 
useful for the study of patient groups, e.g., in neurodegenerative disease and 
epilepsy [87, 122, 124, 210, 390, 1012], but limitations still apply that are mainly due 
to unsolved issues with respect to spatial normalization in disease (see sec- 
tion 4.8.2) and some restrictions with respect to model building for different sub- 
ject groups. The statistical concepts related to SPM have reached a high degree 
of sophistication that tends to prevent a broad appreciation of its limitations, as 
indicated by recent reviews [2522, 2523]. 

Significance of local effects is determined either by the maximum t-value 
(peak height) or by the extent of the effect (cluster size) [1822, 2524, 2525], recog- 
nizing that in contrast to random noise, which has little low-frequency spatial cor- 
relation in PET images, the effects with the greatest biological relevance tend to 
affect larger brain areas. As in the statistical analysis of VOI-derived values (see 
section 4.10.3), it is necessary to determine the proper adjustment of significance 
levels for peak height and cluster size, also considering the covariance among vox- 
els [2526]. This has been done (assuming homogeneous covariance) on the basis 
of Gaussian random fields [2527-2329]. The algorithm provides an estimate of the 
size of appropriate resolution elements (“resels”), and the number of these resels 
in the total volume of analysis (usually the whole brain, but restriction to a par- 
ticular VOI is also possible) is used for a Bonferroni correction of statistical 
thresholds. 

Expected peak height and cluster size depend on prior smoothing of images 
[2530]. Selection of the proper filter size is still often done empirically to find some 
pragmatic optimum between spatial resolution and sensitivity for detection of 
small but extended peaks. Variation of filter size for maximizing power across the 
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brain has been suggested to incorporate underlying neuroanatomy of functional 
units in the a priori selection of filter size [2531]. Because a linear statistical model 
is used, this can also be applied to PET images that have been transformed into 
wavelet space [2532], which offers integration of spatial filtering into statistical 
estimation but is difficult to understand intuitively. 

SPM has also been applied to parametric images to study changes in local 
receptor occupancy [2533], opiate and D2 receptors in Huntington and Parkinson 
disease [534, 541, 2534], benzodiazepine receptors in epilepsy [1071, 2333], 3-HT 2 
receptors in psychiatric disorders [1632, 1683], and to develop a multicenter data- 
base of 5-HT lA receptor binding [2153]. 

Use of multivariate methods on a voxel-by-voxel basis is limited by the same 
considerations as in the standard statistical setting and, compared with the very 
large number of variables (voxels), the relative number of subjects is now even 
smaller, precluding confirmatory statistical testing. The potential and limitations 
of such methods in the study of brain connectivity have been pointed out in a 
recent review [2536]. Principal-components analysis has been used to extract 
covariance patterns [33, 2537-2539], and function connectivity has been studied by 
multiple regression and correlation analysis [2540, 2541] and by neuronal net 
modeling [2542]. Multivariate methods also appear to be useful for pattern extrac- 
tion and recognition (see section 4.10.6). 

A few nonparametric statistical tests that avoid the sometimes uncertain 
assumption of normal data distribution have also been made available for statis- 
tical parametric mapping. This assumption is particularly difficult to maintain for 
the extremes of the statistical distribution that are used with Bonferroni-corrected 
thresholds in SPM. Significance of activations can be determined accurately with- 
out any assumptions about data distribution by a randomization algorithm [2543] 
that has been shown to be less prone to false-positive results in individual subjects 
than parametric SPM procedures [2544]. 



4,10.6 Lesion Detection and Pattern Recognition 

Detection of lesions (meaning any significant abnormality) is the ultimate goal of 
diagnostic imaging. Up to now, the standard procedure has been visual evaluation 
by an experienced observer. The level of experience varies between observers, 
however, and accepted standards for reporting abnormalities are lacking. The 
overwhelming number of possible abnormalities and normal variations of human 
brain, both anatomical and physiological, makes it extremely difficult to establish 
reproducible standards. These difficulties are further increased by the relatively 
small number of examinations that are typically performed with each tracer at 
most laboratories, and the correspondingly small number of reference scans that 
are available to observers. This situation is probably one of the main limitations 
preventing full development of the clinical potential of PET in neurology and psy- 
chiatry. 
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Quantitative comparison of an individual clinical PET scan against a reference 
sample by means of image processing and statistical parametric mapping (see ear- 
lier sections) may provide substantial help. Yet, in a global brain search for abnor- 
mal voxels, the level of statistical significance needs to be corrected for the large 
number of multiple comparisons that are performed in this search. That correc- 
tion, if performed rigorously, usually requires a very large abnormality to be 
accepted as significant, and thus reduces sensitivity to a degree that may make the 
investigation clinically useless. It is the characteristic pattern of specific diseases, 
rather than abnormalities in individual voxels or an abnormality at very specific 
anatomical location predicted by clinical findings, that we are looking for in a typ- 
ical clinical situation. 

Few algorithms have so far been developed to meet the challenges of pattern 
recognition in brain PET. Principal-components analysis [33, 2539, 2545] is a pow- 
erful multivariate technique designed to extract covariance patterns from func- 
tional imaging data and can be applied to disease detection [2346-2348]. Other 
approaches employ discriminant analysis [2349], neural networks [2550], and 
fuzzy clustering [2331]. The sum of abnormal t-values in regions that are typically 
hypometabolic in AD has been used as an indicator of disease [32]. Such tech- 
niques need to be developed further in connection with large image databases, to 
approach the goal of detecting disease-related quantitative abnormalities that 
cannot be adequately described qualitatively as focal lesions. Recognition of pat- 
terns in 3D PET data sets is still in a very early phase of development but promises 
to increase our diagnostic abilities in an objective and reproducible way. 
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- GABA A receptor 106, 107 
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- co-registration, figure 66 
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glucose consumption 150-152 
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- measurement 214-216 
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- reuptake 182 
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Hallervorden-Spatz syndrome 55 
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hallucinogens 140 
haloperidol 130, 138 
halothane 153, 172 
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headache, cluster 121, 122 
hemangioblastoma 68 
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- co-registration, figure 70 
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- imaging 163 
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hypercapnia 148 
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- figure 102 
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image reconstruction 192-194 
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Subject Index 291 



inflammation, inflammatory 

- disease 117, 118 

- lesion 

- response 22 
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iodine 187 
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Landau-Kleffner syndrome 112 
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lupus erythematodes 58 
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pindolol 127 
pineal gland 39 
piracetam 12, 96 
pituitary 71 

- adenoma 67, 158 

- tumor 76 

PK-11195 22, 89, 108, 117, 146, 181 

plasticity 112, 124 
Poisson distribution 187, 222 
polymicrogyria 110 
pons 41, 45 

positron emitters 187, 188 
potassium 148 
Powell algorithm 198 
preclinical phase 44 
precuneus 9, 98, 139, 153 
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